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FINAL REPORT
HYPERVELOCITY WIND TUNNLEL
COMPONENTS

ABSTRACT

A structural evaluation of the large threaded Pressurc
Vessels in the wind tunnel facility was performed using finite
elcment techniques coupled with fatigue and fracture mechanics
analyses of the critical locations. The results of this evalua-
tion show that these threaded pressure vessels have limited fatiguc
life due to high stress concentrations at the root of the thread
root radii in the threaded end closures. Design modifications
were made to the most critical end closurcs (Bottom Ind of Mach
14718 Heater Vessel and Inlet End of Driver Vessel) to increasc
the design life of these pressure vessels. The design life of
all ot the threaded pressure vessels was also increased by roe-
ducing the maximum pressure at which they are operated. Periodic
inspection requirements which account for variable pressure
cycling and mean stress effects were also developed for the

critical areas of these threaded pressure vessels.

The net result of the design modifications, reduced
operating pressures and periodic inspection requirements is to
increase the design life and confidence in the safety related
structural integrity of the threaded pressure vessels in the

wind tunnel facility.
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APPENDIX 1A

STRUCTURAL EVALUATION OF MANIFOLDS
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STRUCTURAL EVALUATION OF MANIFOLDS

The ilypersonic wWind Tunnel facility has two manifolds,
an inlet and exit manifold. These are used for all three loops,
M10, M15 and M18. The inlet and exit manifolds are shown on
National Forge Drawings 4-01513, Rev. 0, and 4-01514, Rev. A,

respectively. ™he material specifications for the manifolds are
listed below.

Component Material ig El

Inlet Body -- 143,000 131,000
Exit Body -- 142,000 129,500
Studs ASTM Al93, GRB-7 125,000 105,000
Flange AISI 4340 135,000 120,000

INTERSECTION OF CROSS TUNNELS

Exit Manifold

|1

3.687
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1A-2
* Consider square block as thick-walled cylinder, R, = 2.25,
RO = B.5. At Ri:
Pi(a2-+b2)
O = e——— e
8 02 2
; or = P1
P.a2
g = —
z b2-a2

For the design pressure of 46,000 psi:

8.5% - 2.25

I 2 2

| oy = (46,000)52.25 -;8.5 ) _ 52,932 psi ?
8.5 - 2.25 '

& o, = -46 ,000 psi

i

E (46,000) (2.25%) .

E OZ = ! = 3,466 psi

|

The horizontal 3.6870 hole can also be looked at as if it were
a thick-walled cylinder with R, = 1.8435 and Ro = 8.5. There-

k fore, for this "cylinder":

. _ (46,000) (1.8435% +8.5%)

® 8.52— 1.84352

50,541 psi

o ' = - 46,000 psi
46,000 (1.84357%)
o,' = —t—5—- = 2,271 psi
2 8.5°-1.8435




This gives a stress intensity of Oy

Now looking at

(oz'+or)
(00'+OU)

g +0 "
(o, +0_")

the intersection of the two holes:

_, -G
o, 7
4/ oy
(( |
- s 7
] ¢ ‘
N ¢
—
T—
\\h\\‘\\~\i~
-48,271 psi
103,473 psi
19,466 psi
-0, = 151,744 psi,

or 3.3 Pi.

Since the stresses will decrease with decreasing R;, this is

the maximum stress at the intersections in the exit manifold.

we can evaluate the fatigue life:

' % RANGE

————

"

151,744 psi; o

75,872 pSi; Oy

1

ALT

= 120,000

75,872 psi

120,000 psi; o, =

75,872 = 44,128 psi

Following the procedure outlined in Appendix 3A

135,000 psi




(7) (75,872)

_ 9Lt
(o] = =
eq ot 3
. [1 . MEANJ
o]
u
= C S}
Oeq 93,770 psi

44,129
8 l:l + 135,000:,

N = 1,350 cylces{from Figure 3A-7A).

Inlet Manifold

< — 8, 5 —>

1t

— 2.6875¢
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T A ST e S R L A = b L AR Tt

I Consider square block as thick-walled cylinder, Ri = 2.0,
l R = 8.5. At R.:
o i
2 2
I P.(a” + b7)
o, =
4 b2 _ a2
l 0 = PpP. 3
r 1 E |
i
l P.a’ "
o = —=
z b2-a2 1

For the design pressure of 60,000 psi:

| 2 2 ]
| o, = (eo,ooo;(z.o ; 8.57)  _ 67,033 psi ;
8.5 - 2.0
o, =-60,000 psi
(60,000) (2.0°)
o, = ’2 é = 3,516 psi
8.5°=-2.0

The horizontal 2.6875 hole can also be looked at as if it were
a thick-walled cylinder with Ri = 1.34375 and Ro = 8.5. Therefore,

for this "cylinder":

2 2
Oe, - (60,020)(1.34375 + 8.57) = 63,076 psi
8.5 - 1.34375
Ur =-60,000 psi 4
. 60,000(1.34375%) .
oz = 5 5 = 1,538 psi1

8.57 - 1.34375




Now looking at the intersection of the two holes:

//‘12<
’ Vea
‘V»\\\
—
——
Jx = (0 + ur) = -61,538 ps1
Oy = (JO + o”) = 130,109 osi
o, = (oz + or) = 63,516 psi
This gives a stress intensity of Oy - ox = 191,647 psi, or 3.194 P..

Since the stresses will decrease with decreasing Ri, this is

the maximum stress at the intersections in the inlet manifold.

Following the procedure outlined in Appendix 3A

we can evaluate the fatiqgue life: .

CRANGE

“MEAN

J
mcan

i

191,647 psi; ¢ 95,824 psi

ALT

H
it

95,824 psi; o

v 120,000 psi; 9,

135,000 psi

= 120,000 - 95,824 = 24,176 psi
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1A-7

L)Q(l - )_ 3 = 24 176 3
8 - [l ¥ “\}EM:I - [1 * Tz‘s,oo"d]

u

9= 105,543 psi -

' _ T L (7) (95,824)

N = 900 cycles (from Figure 3A-7A).
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FLANGE AND PLANGE STUDS INLET MANIFOLD

The details of the inlet flange and studs are

shown below:

- S

A3 Trves oo = Q.75 THRD Thvdy, a4 s
£ L

FRS U R . ).'

TR - Lon- 7 ! | N N
!

/2875 p8.¢. ] .

A

1

V- 4 on

("“f*“w*“V\/\/\/</\ . !

340 LTorARE | B I ;
Doccel T SO037E5E l ] .

Pressure load on studs and flange:

F = HRZP = ﬂ(l.6875)2(60,000) = 5.368 x lO5 lbs

The tensile area of each stud is-—AT= 2.401 in.2, which gives

a tensile stress in each stud of:

5
_ 5.368 x 107 _ .
o = (8) (3.4017 ~ 27,800 psi

We also must check the adequacy of the thread engagement length.
From NBS Handbook H-28, the length of thread engagement required is:

2 X MAX A
L =__.______§.
e S MIN
s
where: AS = maximum stress arca (external thread)
S = area in shear of external thread




1A-9 I

Following the procedure outlined in Appendix A5 of NBS
Handbook H28 (1969):

I.‘
= $ mi _&
Ab = O.S(Clh“mln X 5 X DS max)

B i am e

L
l 7? from Figure A5.3 for 1-7/8 dia. = 0.6255 i
(A.) = 0.5 [(2.356) (1.740) (0.6255) (1.8725)] = 2.401
max
SS = Knmax(Cl - C5 TKn)
= 1.765(2.356 - (14.51) (0.03) = 3.390 4
. _ (2)(2.401) _ .
LL, = ~S5S5es—r = 1.416 in.

This value is less than the specified 2.75 in., and, therefore,

the studs have adequate engagement.

Now looking at the 7-1/4 - 4UN thread. This thread
size is outside of the range of the NBS Handbook; however, if
we look at the ratios of the pitch diameters and lengths of
engagement, it can be seen that this joint will have a large

shear area than the studs and consequently will be lower in stress:

CATIO = (7-1/4) (6)

. = B (1=7/8) (2.75) ~ 1:05

Finally, loocking at the flange. Consider the flange

to be a circular plate, built-in at its edges, and loaded in a

circular region by 60,000 psi.
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1a-11
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3

2
_ m(1.8125)“(60,000) _ .
P 21(1.8125) = 54,375 1lbs/in.

From "Formulas for Stress and Strain," R. J. Roark, 5th Ed.,
Table 24, case le, the maximum moment in the plate at the
wall is:

2
r r
where: L. = =2 l+u pu 2+ l-u [l— o) ]
9 a 2 r 4 ——a

r [(ro) )
L6 = 4a a3 - 1+4+22%u E?J
o
-1 b _ a
C4 =3 [(1+u) 3 + (1-u) b] )
=L -4y @a-ek '
C; =35 (1-ul)(g-3)

b
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"
I 1A-12
' L9 = 0.254; L6 = 0.114; C4 = 1.725; C7 = 1.955
' _ _ (1.955) (0.114)
M = (54,375)(8.1875)[0.254 210 ]
l M = 55,350 in-1b/in.
| e |
Svmax " t—z— = 9,300 psi

|
|
!




EXIT MANIFOLD FLANGE AND STUDS

A typical configuration of the Exit Manifold flange

=& LTS
- (00 "1 / 2,7’/5)04 )

connection is shown below:
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Following the procedure outlined in Section

pressure load on studs and

flange:

F = mR2P = 7(2)2(60,000) = 7.540 x 10° 1bs

The tensile and shear areas of the studs are:

As = O.S(ClKnmin X %? X Dsmax)

SS = Knmax(Cl-CS'rKN) v

A, = 0.5[(2.356)(1.865)(.6305)52) = 2.770 in.?
S = (1.8797) [2.356 - (14.51)(.0147)] = 4.028 in.

2

et e e e AV I o it s




The tensile stress in the studs is:

5
_ 7.540 x 107 _ .
o = 8y (2.770) ~ 34,000 psi

(2)(2.77)

l Q S 4,028
S

its edges:

7(2)%(60,000)

P = 7 (2) = 60,000 lbs/in.
ro = 2.0; a = 7.9375; b = 2.0;
. L, =0.267; L, = 0.115; C, = 1.553;

4

The required thread engagement length is:

L = == = = 1.375 < 3.0

P

€y

Considering the flange as a circular plate, built-in at

1.691

M=- (60,000)(7.9375)[0.267—
M= 67,710 in*1b/in.

_ 6M _ . ’
Uax = 25 = 11,300 psi

1.553

(1.691)(0.115)]
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APPENDIX 2A

PRIMARY S'W'RESS EVALUATION

for
MACH 10 HEATER VESSEL

N




2A-1

Primary Stresses in Cylinder Wall

Hand calculations were used to calculate the primary
pressure stresses in the main vessel cylinder wall away
from the threaded ends. These hand calculations are given
on the following pages. The resulting stresses are listed

and compared to the allowable stresses.
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l CHKD. BY _ DATE o , ~ pros.NO JFIZ/O

/ Limary  Stresses in Cyl ind et

IFhe B, Stiess Infehs/f'y ‘s derived kelow :

SO fTargentiae o)

Tt 7P TIE T U Hesp Stress

2 2
_ a& (5 -r2) , +

¢ - R (Sf‘r-ess Irnfﬁ'hS/ff)
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sy DBEF DATE f///l/// SUBECTMACH 10 flegler Veevcl  SHEET NO

CHKD BY DATE

{rinary Strecses in Cylinder (continued)

;H 57‘7‘(-39& [/.f‘r;;/) ] fy s :
/_;“___?,qlzp /a=/4l/ b= 18.5"
(L—u le: 1% coo pei
= 1 7y ( 5 ]
b = (_/4)([8,, )L/’Ooo ) = b3/28 psi
[Q 5.5)° - (’/4)“]
The /‘é‘) Streos In'fc,n:';'fy i derived below :
. C/\a(é: + r‘:") an 7‘_/'(][ Or‘)
Jo o= o — gen
v =P re (L - a®) {Hoo,o Strece
as (B —r=) 4
o= —p BT (Radiat stress)
N r '_L'(E '“QI—)
s = g;_ - (. <S7"ress Infensify)
For q = /4—;' b‘—“/é’.ffﬂ and p= /5,000 ps/
— pel -
T = 5;20305 </r‘_‘) (342.25 + r‘:>
, 2
0 = '/;56"‘;"5 (/4) (342.25 - ra)
= J. — = [4 000 (/4 2. 24 A5
14)>
S = 70205 /2821 <—F—)

—  OF </
ProJ. N0 J Pl 70
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sy DBF  oate 1 /i1/77sussect MACH [0 Healer Vesiel sigerno 3 of 4
l CHKD BY DATE , PROJ. NO J }[27 0
) :4.5/1
P ,‘mqrj S'f‘r 25 e9 (C°l1f¢'hued)
r= - -~ N
e =/8.5 WM o
Pt ysar  {o =2 .
b = _ f ! \
r=/+ <
1 fS\\\A
y = 16.25 —r Y r ‘ _
S < 7o,:o5./283/<—/;f') 8; J Yo
I .t
/8 a / I’R L—‘:c—é--ﬁ—'z- -—>4
K= - ¢ (¢.25 -r)(70,205./28) (ﬁ) | f ,;‘)AMNJFJ
t r |6.25 —+———~]
14
R
/8.5”
, ./— 18.5
PR A CORLLIRLE 1)(/4) </Mb_£/_,~_ _dr
b “.5)* TTorEor
N’ * /4_

/8.5
P = 407709781 [—/f,—ﬁi - An ,~]
114

—_ ¢ /(/-25 - /é 25 ) /8
@,%977/017.8/6[ I /8.5 ~kn >]

/32) .-;(4/0’/'// 097 8/(,)(0.0036225’048) = /4-/ 7¢9 ‘,D:}/'

Thercefore, the Maximom By + £ Stress Infensity /s

FntF, = 53128 + 14,769 = 67,897 psi

I .
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APPENDIX 2B

FATIGUE EVALUATION OF THREADS
ON RIGHT END CLOSURE

of
MACH 10 HEATER VESSEL




2B-1

PATIGUE EVALUATION OF 'THREADS
The fatigue analysis calculations used to calculate

the tatigue design life of the threads on the right end closure

of the MACH 10 lHeater Vessel are given on the following pages.

The calculations are divided into the following parts:

{(a) Summary of Loads on Main Cylinder Threads

(b) Equivalent Pressure Calculation for Maximum

Thread Load
(c} Edge Displacements for Detailed Model

(d) Maximum Stress Intensities and Maximum Displacements

in Thread Subjected to Highest Thread Load

(e) Fatigue Analysis of Stress Gradient at Thread

Root Radius
(f) Fatigue Life of Threads on Right End Closure

(g) Fatigue Curve for Body Material of the MACH 10

Heater Vessel

As shown below, a fatigue design life of 640 cycles

was obtained for the threads on the right end closure.
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p = 15000 psi - Agree !
2 .
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2 Fy(Total -
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U?S;;:-;‘,;‘.iif::* :;": ?’:"——.
151195 ° a
15442/
- >
s 420 - (/5‘.//“75)2_7
Area = e -
Coz (0297
M F F z.yf(/.3074-342_)(/05_)-Cos(&oa?°)
ax, [recsvre = - = S Y
Arca # [(5.4420°~U5.0195)°]
= 26,460.548 pS/
s P =
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the siress distribution across a ection contaning a cir-

|
|
| Determine Materist Constant, &
|
|

‘L_LT ottt
b

' s Iy
‘\1 i Ty Yt

l

|
l I ‘ o, :Enduronce I I I

limit

(g} (o)

Fig. 0.29. Stress Distribution about a Circular Hole in 4 Bar

cular hole, Fig. 6294, has a high stress gradient at the edge of the hole.
1 the load is just sullicient to bring the peak stress up w the endurance
N Inuit, o fatigue failure would hardly be expected since the volume of
paterial at this stress is zero. A finite volunme of material must be at the
endurance it before a crack will form, and 1o obtain this volume of
material the undul ance. lmm stress must exist at some finite depth, 8,
below the surface; theretore, the steeper the stress gmd\cnl the higher
the load uqunui 10 pn)(luu fatigue failure, Fig. 6.294
The dimension, 6. is a property of the material; and, in general,
hard, fime-grained materials have small values of 6, whercas soft,
coarse-grained materials have larger values. The relationship between
8 and steel tensile strengths, based on correlating fatigue data and the
shiear theory of fatlure 1s shown in Fig. 6.30.

300 T
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¢ 200p — 1 -
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Fie. 630, Material Constant § vs. ‘Tensile Strength for Steel

For the beody material The Tensile Strength
is |25 Ksi and & IS Eiuq[. to o0,00/25 mches.
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cabcolate STrec Intensity of Legth &

het i TimoshonKe and Geodier, Theo y of Elasticity, .70
The <tioece dictribotion n T he L"/'C)m'fy of a Small

Circular hele in the middle of ¢ plite cub jected 7
Uniferm  Tencien iP5 9iven by:

o=/ [/ - @/r)i] + <o !/ + 2 (% r)“;‘—: +( a/rf] Les L6
e, & v r/ + G/r)g_’] - ‘(/2 D + B(Q/r“>4‘/ Cospe
77—& = = %D - :ﬁ(%—)ﬁ A2 @/r)’a] Sin 2-e

When © =0, //;-&ZO C?rwa/ the prinCipal Stresses are
T = % [2 + 2 Q‘/rfl -5 (q/r)f—j
- L= % Lol e 4]
[he Strewe Inteasify (s given by:
SI =0 -q)= %[+ ¢ ()7 - é(‘*/r)‘ﬂ
= 5[]+ 3@k - 3(%)2]
scume that the stress intencsity distribution at

the Thread /‘OOf radivs has The sSame form as The
bove  Strecs //17‘6:/15/7‘7 distribotion

s.L=s[1+a&)"- 6(%)]

Where : Thregd Roof Radivs = 0.09375 /p.

Q=
r = a + 5, in.

o
|

Distance  from Surface, in,

::;/ ‘4 "’I\‘l f) gJrC f/\rEL' U']/‘lnt)uln L;("\Sff‘ll']f;‘).
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N frem ANSTS Run QLAND 7T, 12/12/77
a=o0.09:275in =1

r. = o.job5 275 in.

y4
rF,= o /2/2 in
At Bf) =1, &L =114,9¢7 psi

AT (q/r;) =0.689(8, S.I.= 92,128 pei

At (fr)=0.71456, ST = (2,697 psi

EL (75

EL. 18I

The Khown Strec: Intensitics at the above Three
Lecqticons oCgn be Used To CVQZ-\J'd'/LcB The Three .
~ unKnowns r the <Strecs Intensity Distribution Equation

P S.I. Distribution
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SRV // + A (Vr)? - B(“/rf]
) Cv) =1 (14,969 = S (| + A~ B)

PROJ. NO J P/ 70

C) )= essun 95028 = S(1+ ek2¢52 A - 79755 B)
W) =0 71406 (2,697 = S(/ +0.260714 - 0, 5/06o 5)

- 114,969
From (/) : S5 = —Lrt=2l
Y I+ A-EB

Y b </+ 0.626524 ~ 07952 b)

12128 + 92,1284 =~ 92,128 = /14,967 + 72,020.3779 4 - 9}, eol. 4125 6

[oNT. 22l A = £,126.5874 B = 2/,84/

J.92088]7284 — B = [0.27044 55
() inte ()

L2607 G267 A —62,6178 = (/4,97 + 29,973.5¢8 A - 58,7:2.1714 B

22)722. 4224 - 2,993.8286 8 = L2272
8.1924 79244 -~ & = /3.088/93/2

1.92088]72& A

(6192499244 —
| 127382 318 A

A

E

= /027049455
f/JoBB/‘}B/a)
= - 2.817747¢2
= = .63122%997

~26.4%2¢625 8¢
4,452, 29¢9019

(

- 4
vl = 4,452.2 74707[/ +.2é.45362586(°r)2— /.43/.:.23797(%)]
Af(“/r)“"// S.Lo=114,9¢9 psy

At (Yr) =0 889¢e , s.1.= 93 728 ps;

At (fr)=c7145¢, S.I.= 62,497 psi
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At = a + v.0olEY = 0.09375 4 o.00l25 = 0,095 /n.
158
T= 220279 = (9408
0.09%5

2 o
And S L. = 4, 45:"_.2?6‘?0‘71_7 +2é.453é(o.‘78é8) Y (r,,/&éd) ]

= //9-/265 ,bSl'

Therefore, the Stress Intensity ot the rect
cf Thread Ne. ¢ "ch the bedy here The Thread
Lead is o mmaximum and eczuql o |.2094262 Xlo~ “;/raa/

T

ST (Max) = 112,205 pei
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Foaght End Closuvre _has  Interryted  Threade

(fmn/mfer Nesults are  for Continuous Threads,
N~ Thetefore, Ferce and cfrecs on thece interropted

Fhyoals will be Calculated by rq‘f{o,m) up

the reoolts  for Continuvovs fhreads,
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Equivalent feorce on Interrupled Thr cad
= gl e ) = 0.38(35°
@A sy 7
pe = 067627 °
_ - 6 cC -
feg = 20-0.67627
feq = 2. 0da iz F
Therctore The Maximqm Stress in  The
intetrupted threads 1S
Upmax = 20del2(ljz,265) = 229708 psi
o’

_W - T A A AT T S s Aierse: T

SHEETNO_ 7. oF B
PROJ. NO J (270

~
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Nt
Fatique _Life of Threads on Fight. £nd _Closore
. | Srange (Max) = 229,708 psi
l Lt = /14,854 psi €)= |z9 000 pSi
—~1 _— - - — .
“medn //4/ 859 psi Sy =125 0ao ps
Sqlt t Spmegn = €2 9708 pSi
& - ¢ S
Sqlt € Sy and Sqit 1t Smean 7 Sy
. < -
. “imean — Sy‘sqLT
S,neqh = /;E,C)/ooo —“//4/ 854 = @/46) f)SI.
5 .
| 5 7(114,85¢) > = //6,836 psi
&= || +
{35 000
T he LDeciyn Life from AS /\//F /Qw pe r
No. 7¢-Fyp-62  for ASTM A- Ll 2
/\/qu‘ermL L\//'f/\ o FC'IC.T—O,‘ 07[ = on Stresc=
and q Facter of 20 on Cycl.es /S
N = ¢40 Cycles [besign /_/Fej
Since the theoretical fatigue curves from this paper
were obtained on small polished specimens tested in air, factors
must be applied to account for size effects, surface finish,
environmental effects, and scatter of data. Therefore, a factor
of either 2 on stress or 20 on cycles, whichever is more conser-
vative at each point, was applied to the mean failure curve to
obtain a design curve which accounts for these effects. These
p—

factors have been contfirmed by several fatique tests and simu-

lated service tests on models of components.




m -~ sa73koue07) - e :
T essdyg v ]

00000 —— e e

- e e —— e —

. .-0
i { wn
i . - jal
i P ! -~
Et I SO 5
ISR ¢ >
! - S e .9
3 RS Y TS T T :
H fos} N . N . ' ﬂ Lo . LA S E H ..;n - ' N w UN/LD . H \u
w ~N - N : HERSE R R T B r[Bdog Y T “
I : L . i T -
J T — N :
, ~©

[/ Ermdpd9l ceN) =0
e T LN.QUH\UM!» m\zmmwb.iSOLﬁllﬂ\‘ M.ll'«lM ”‘m ol v II' ° w4 y _‘}.

T yaYg  GnDILVI e
T S ew o  WASY I o

[CENTA I ]

i . . . i | X H U S : ! i - . ; +
: - + :

-
-3 Dt

. T ; : 1
Ls44L 3% 3 72 € 4 98¢ & v € 4 6. 2 5 v € < 16829 ¢ ¢ € <

1 53553 F "3sacaw v
R P o

v < - SAD mov b
22GL 9v DIAHLIEVYOOT - & »




APPENDIX 2C

FRACTURE MECHANICS EVALUATION OF THREADS ON
RIGHT END CLOSURE OF MACH 10 HEATER VESSEL
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O'‘DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYL VANIA

ov DBP DATE/a//?/775UBJECTMACH lo Heqler Vesselsweerno ! of 5

ENGINEERING DESIGN & ANALYSIS SERVICES

pROJ. NO T P/E70

CHKD. BY . DATE

CracK Grow?h Rate Anqlysis of Threads
on the MAcH [0 Heoter Vessel:

REFERENCES :

') Imhof, £.T. and Barsom, T, M., "Fatique

() and Co/r"r‘dSiOn—FaT'/ ve Crc{c_K G-m/sw‘/‘/\ of
4> 40 Steel Al Varieus Yield StTrengths),
Progress in_Flaw Growth and Fracture
Joughness Testing, ASTM STP 53¢,
American Society  for 7"e$'/7'n3 and
Materials, /773, pp, 182-205;

[/

(2) Wessel,E.7. and Mager, 7. R., Frqctore
Mechanics Technelogy "As Applied To "
ThicK-Walled Nuclear Pressure Vessels),
Froc. Conf, on Practicql A/o,ol.ic.qfion of
Fracture Mechagnics Te Fressure lVessel

Techhology, Insti/tutien of Mechanical
Engineers, /971,
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' ENGINEERING DESIGN & ANAL)Y SIS SERVICES

O’'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYL YANIA

BY DBP DATE /2//7/77SUBJECTMACH /o Hed‘/'er Vesselsueet no 2 OF 5
_ , PROJ. NO \TP/Z 70

| CHKD. BY DATE
o/

BAsSIC ASsuMPTIoNS

[. Thread Material is modified
ALSI 434c, or “gun Steel’
This IS hoW des/gnated AS7M
A-723, Class & Mqgterial, Assuvme
this Material Ags The 'Fol[ouunj
Pro/oe_r‘hes.‘

Sy = /35;ooo pSi
Sy = [20000 psi
KIC = /OO kSI\//n

2. From Reference (I) The Crack growth
w Fate For This maqterial (s represented
by the following Equagtien:

da -8 2.25
L2 = o0.66 X 10 “(AK
dN x 167%(ak)
Where : 92 _ Cruck Growth Rate,
inches/cycle

AK = Stress Intensity Factor
Range, Ksi\fin

3. Assume There (s a Thin Surface defect
oriented hormal 1o 7The Maximum
Surface Stress At the inside Surface
of the thread Froeot Fradius where 7Fhe

Maximum STress occurs,

4. Assume 7That The Stress Range s
Equal tTe the Maximum Surface Stress,
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O'DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSYLVANIA

sy DBFP DATE /2//?/775ue.|£cr MAckH /o Heqter Vesselsieerno 3 oF 5
o o PROJ. N0 T/ /270

Precedure given in Reference (2) will be

followed :
I. The Fracture 7oughness, /(IC./ [$:
Krc = /oo Ksiin

2. From Reference (l), The Crqgck Growth
Rate,da/dN, is :

da_ _ n

AN = G AK 2.25

da _ ~8(AK) Fer 434¢ Mat'L
2 = 0.66 X /o ( K) {;rom Ref, (1)

Q.

Where : .:{_/’%. = Crack Grewth Rate inchesfycle

Co"""EMfairiCQL infercest ConsTan’ :J

AK‘-‘—‘ Stress Ih'/“ensify Factor
Range, KsiVin

h = Slepe of da/fp Versus
LogaKk Curve J

N ‘m, iim ; BTy - ."'r "“‘“‘i" o
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l ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA
sy DBFP oate 12//2/77 sussect MACH 1o Heater Vessel speer no F o 5
l CHKD BY DATE o ) prOJ. N0 T /2 70 ]
o/
! Procedure (continved)
The Crack Growth Rate Equation FFom
Reference (1) /s Shown in 71he Curye below.
Nete that fhe Equation (S an Upper
bound of tThe ploted data, i
: :
T T T V7T | ANRENS NS E O BB RO :
) ' L -
o - o R -1 ?
2 A ’ ) /Y —1
R 7
E ]
S 8 . ' I/JO -1
- Gﬁ o 1
o :;-; .x N o ﬁ,osé‘loa‘ﬁkllzzs -
s: WHERE 0Ky IN hs( /TAch
'L; 4340 STEEL -
° .
© * g, »130%8 (BUE NN/ D) 1
E o, £180 4 (1241 MRS,
“ 0 gy r220Ks 5TIMA/RT) B
1 Orst /inch =1 0998 mN/m3/2 B
1Cneh =25 4mm
w0'® 44 roparanl L4 g ‘
. 0 2 q 6 6 10? 2 ) 6 & !
STRESS-INTENSITY - FACTOR RANGE, 8Ky, ks /77 oh
‘ .HG: 9- Fatiyue-crack growth in 4340 stecl of various yield sirevyios
]
)
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£ l ENGINEERING DESIGN & ANALYSIS SERVICES “C O'DONNELL & ASSOCIATES, INC. j

Containing a Thin (a/f >~ o) Surface defect {
oriented " hormal te the Maximum Surface
stress, the critical Craqck depth Q¢ is:

~ KE .

sw DBP  oare /2//7/77$u3J£c7 MACH )o Hedler Vessel sueerno 5 o 5
I CHKD. BY DATE , PROJ. NO TP/E. 70
{
| Procedure (centinued) ‘
' 3. For aq Thick-Walled Pressvre Vessel

Where: ac,.=Cpitical Crack Depth,inches
Ke = Fracture Toughness, KsiVin
0= Maximum Surfqgce S‘l‘/-css/ Ksi

4. The Number of Cycles to groew_ 7o
\_, Critical Flqw Size (failure), N, is:

2. Y A |
N =GB AT a;" e a‘é’r"%)

Where : N = Number of Cycles To Failure
a; =injtial CracK Depth, inches

h = Slepe of da/dN versus
Loa AK Curve

Qe = Critréql Crack De,e'fh/ inches

Co = Empirical intercepst Constant
for AK in psiﬁf

A= Appl.iecl cyclic Stress
Range , ps/

M=1l251mT
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ENGINEERING DESIGN & ANALYSIS SERVICES

sy LEF DATE /r'/—"'///VSUBJecr/"MC!‘/ (o

CHKD 8Y DATE

O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYL VANIA
Healer Yesoel sueerno | of .
PROJL NO /) /o

;/ hi e qdo __on _-_f‘;’jl_h,t- End CloZure

[f T=Ar=2z229708 psi and K= /oo Ksiin

I Kpo= [00 Keilin

Z. Critrcgl Crqek Lepth

o)

_ / /00,000 Y _ . "
qu— /25"]7_(‘,_2?/708) = 0.0482¢0/|

2. Cycles to Fqgilure

Co= 1173664411 x 107

d for AK in psifin

(n-2)= o025 M7= (25 7) ¥ = 4.¢592¢45¢4
ATD = <22C//708)b'25'—‘— (155170983 x |0'%

/ /
Sy = 0125
aé'r Va (0.0482(,0/)
/
N =12¢¢.422554) —5z7
i

o = /266.432554

= |.4¢06(7858

- /.460667858]

8
TN+ /,847,538787)
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gy (b} DATE/J/;—//./YSUBJECTMAC// /0 feater Vessel

CHKD. BY DATE

(

A; Verovs N fzr Threads on |
| Right End Closure  T=AT =229 708 psi
v KIC:/OO KSI\/I'T .

ASTM A-722,cl. 2 NMaterial

&y N

nches Cycles
0,046:27 | o
0,04 4282 20
0.0os8987 Fo
.02 672 joo
0.025 864 | 5o
o.021228 200
o.0/45 0l 200
0.0l 0079 4oo0
0.007/18 Loo
~ o.00({52l /000
o.ocol27] 2,000
0.c0000 (265 5;000

a}( | 2¢4.433554 )8
"7 \N + 1849.838787

SHEET NO < Of <
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APPENDIX 3A

FATIGUE EVALUATION OF THREADS ON

DOWNSTREAM END OF MACH 10

HEATER VESSEL

"~
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! STRUCTURAL EVALUATION OF MACH 10 HEATER VESSEL/NOZZLE AREA

The downstream end of the M10 Heater Vessel and
Nozzle area is shown on brawing 77-F-1131. 7The design pressure

for this area is 15,000 psi.

EVALUATION OF THREADED CLOSURES

There are three major threaded closures in the MI10
Heater/Nozzle assembly. These are: (1) Heater Body/Left End
Main Nut, (2) Heater Body/Outer Housing, and (3) Nozzle Block/
Piston Block. The external loading consists of 15,000 psi
internal pressure up to the Left End Main Nut plus 4,000 psi

preload pressure exerted at the piston block.

The first task was to determine the load paths in
the assembly. This was accomplished by use of a coarse model
of the entire assembly. The boundary conditions imposed were
those before rupture of the diaphragms. The total axial

pressure load exerted on the assembly is given by:

_ 2 - 6
FTOT = 7{14)7(15,000) = 9.236 x 10  1lbs

By taking various cuts through the model, the load being

transmitted through the components can be determined. From

F Run ODAND4V (1/12/78):
,/—~!?vz€s ere o oy alien
Heater Vessel Body & '
11148 210
T s e = e *-"-’“-——--‘Ec“*"""‘ — . b";: ’
(&D J gg) \ I8 E
4 - L e e e e .:/{. e —— - ’J{ - // .- . FO i
IR VR ' .
N . ! . i)

! Vv et ady, l

5

F 2n(11.148 + 3.552) x 10 = 9.236 x lO6 lbs (Tension)

8




3A-2
Outer Housing
YAV
e e - -
42 £2
@
e :.17/ — - :'/_
IRV et

F = 21(1.611 + 1.555) x 10° = 1.

Housing, Particle Separator

/728 2105

T el an

L

©)

/. 228x0"

2m(1.928 +1.238) x10° =1

e

™

989 x 106 1bs (Tension)

——

()

.989 x lO6 lbs (Compression)

F =
Left End Head/Thermocouple Ring
O.658x0% |y - \
‘1:‘: - B s I \\
@) O
’ (27)
~‘\\“—\‘\“ —~ f—- »«25 . | ‘
-~ el W YT
N '
@

F

lbs (Compression)
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THREADED CLOSURE - DOWNSTREAM END OF M10 HEATER

The configuration of the downstream end of the M10
Heater is shown below, along with the imposed loading obtained

trom the overall model.

/. 989x0° ﬁ OVTER HOVSING
o 7 236x0"
HERTER 8ODY Tz
LEFT EnD] YT 1 I
s BRERRR
LEFT END | F=15,000 Psl

HEAO

é,4057/05;—-j

SEFOCE ICOPTUEE

The ANSYS finite element model for this area consists of 1985
lsoparametric (STIF42) elements. The threaded connections
between the Heater Body and Outer Housing and between the Heater
Body and Left End Nut are modeled by 27 element teeth. The nodes
common between mating threads were coupled together if they were
found to be in compression and let free if they were in tension.
Only the normal direction was coupled, and the nodes were free

to slide tangentially. No friction was assumed between threads.

The resulting isostress plots of the various components
are shown in Figures 3A-1 through 3A-5. The maximum stresses
occurring in each component (exclusive of threads) are listed

below.




Ref. Run ODANDTX (2/3/78)

Maximum Stress

Component Intensity (psi) Element
Heater Body 67,200 1021
Quter Housing 28,900 1716
Nut 78,000 251
Head 51,000 82

The distribution of forces along the thread interfaces
is plotted in Figure 3A-6. The overall finite element model of
the downstream end of the heater vessel does not have sufficient
detail in the thread areas to adequately analyze a single tooth.
This was accomplished by imposing the loading conditions (inter-
face forces and boundary displacements) from the overall model
onto a detailed finite element model of a single tooth. The

most severely loaded tooth in each interface was analyzed.

The total interface force was converted to an equiva-
lent pressure applied to the area of contact between the two
teeth. The corresponding boundary displacements were linearly
interpolated when necessary to obtain nodal displacements for
the detailed model.

Figure 3A -7 shows the stress intensity isoclines for
a typical tooth analyzed. The peak stress intensity in each

tooth is listed below.

v

Ref.
Component or{max) psi Location Run No.
Body/Nut Surface of
Tooth No. 5 133,800 Element 103 ODANDGD
Body/Housing 49,400 Element 289 ODAND2E

Tooth No. 6
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Left End Head

FIGURE 3a-1 - DOWNSTREAM END OF HEATER VESSEL
ISOSTRESS PLOT OF STRESS INTENSITY

i
i
|




Left End Main Nut

FIGURE 3A-2 - DOWNSTREAM END OF HEATER VESSEL
ISOSTRESS PLOT OF STRESS INTENSITY




Heater Vessel Body

FIGURE 3A~3 - DOWNSTREAM END OF HEATER VESSEL
b ISOSTRESS PLOT OF STRESS INTENSITY




Top of Heater Vessel Body

FIGURE 3A-4 - DOWNSTREAM END OF HEATER VESSEL
ISOSTRESS PLOT OF STRESS INTENSITY
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Outer Housing

FIGURE 3A-5 = DOWNSTREAM END OF HEATER VESSEL
ISOSTRESS PLOT OF STRESS INTENSITY
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FIGURE 3A-6 - FORCE DISTRIBUTION ALONG THREADED INTERFACES
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FIGURE 3A-7 - DOWNSYTREAM END OF HEATER VESSEI
1505 TRESS PLOT OFF STRESS INTENSITY
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FATIGUE ANALYSIS OF BUTTRESS TOOTH

l The maximum stress intensity occurs in the 5th tooth
' of the M10 boudy/outer housing thread interface and is 133,800 psi

at the surface of element 103 (root radius area).

' the stress distribution across a section containing a cir-

I

o, *Endurance ] ] I
* 4

it

ta) (0)

Fig. 6.29. Stress Disuibution about a Circular Hole in a Bar

cular hole, Fig. 6294, has a high stress gradient at the edge of the hole,
If the Joad s jJust sutheient to bring the peak stress ug: to the endurance
linit, afatgue fatture would hardly be expected since the volume of
material at this stressis zero. A finite voluime of material inust be at the
endurance hunt belore a crack will form, and to obtain this volume of
material the endurance lmit stress imust_exist at some finite depth, 8,
below the surfuce; therefore, the steeper the stress gradient, the higher

the load requiired 1o produce fatigue failure, Fig. .29/

The dunension, 8, 1s a property of the matenal: and, in general,
hard, fine-grained materials have small values of 8, whereas soft,
coarse-grained materials have farger values. The relationship between
6 and steel tensile strengths, hased on correlating fatigue data and the
shear theory of failure is shown in Fig. 6.30.

300
L d
250t —-- Gl e - -
/Mcnmum shear
th
200 RN JE, R _,_.?or! ————

Tensie s*reng?™, hse

ol L \K ,,,,,,
100} =~ = fmmmmmm e p e N e
s0 Y \\A_

RU — - -
QOO 0002 0005 001 002 00%
3, inches

Fie. 630, Material Constant § vs. Tensile Strength for Steet
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For the M10 Heater Body, the tensile strength is 135,000 psi,

which gives a "é" of 0.00125 in.

We must, therefore, compute the stress intensity in
the area of the root radius at a depth of 1.25 x 1077 in. It
will be assumed that the stress distribution in the vicinity of
the root radius is the same as that around a small hole in the
middle of a flat plate subjected to uniform tension. From

"Theory of Elasticity," Timoshenko and Goodier, 2nd Edition,

nage 78, the stress distribution around the hole is giveh by:

S % [l-—(%)zj + %»[l-+3(%)4 - 4(%)2] cos 28
Oy = % [l-r(%)zT - % [l-fB(%)4] cos 26 E;
ty=-3 [1—3(%)4 + 2(%)2] sin 26 _

When 0 = 0% 71 o= 0 and the principle stresses are:

o[l )]
o3[ ]

And the stress intensity is:

[ =S [1+3(§)4 - 3(%)2]

Q
it



Thererore, the assumed distribution in the vicinity of the thread

root radius 1is:

| o = s [1+A(g)”‘ ; E(-.;.)z]

where: threcad root radius = 0.09375 in.

1l

a + 6

distance from surface, in.

[rv BN A s T
I

constants to be determined

If the stress intensity at three points in the area of interest

are known, S, A and B can be determined. From Run ODANDTX:

r(m) Gy (Pst)

.09375 | /33,800
. /0809 | 85,100
/5026 | 41,100

Solving from S, A and B from the above yields:

S = 30,022; A = 4.1075; B = .6502
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A plot of this equation is shown below:

P A\ g o - (01275 _
/5 ,000 ) (‘"{.)@6' L5 )"‘. 130, o T
/(YI:/}?%ODZ)
Ot 100 000
50,000t

— ‘ ] e I 2 N
.25 .50 .75 Lo (1

v

Therefore, for the fatigue analysis, the maximum stress

intensity is:

o; = 128,000 psi

The stress intensity range for one pressure cycle is:

O RANGE ~ 128,000 psi
T 64,000 psi Oy = 120,000 psi
OMEAN = 64,000 psi o, = 135,000 psti

The following procedure for accounting for the effects of mean

stress is from:

Snow, A. L. and Langer, B. F., "Low Cycle Fatigue of Large
Diameter Bolts," ASME J. of Engrg. for Industry, Feb. 1967.




I‘ ! 3A-16 ,

—— s N O

Sapp * Ompay = 128,000
Since OALT < oy and OALT + OMEAN > OY'
Oppan = 9y = 9app = 120,000 - 64,000 = 56,000 psi
70
o = ALT - (7) (64,000)
eq
o] 3
- MEAN _ 56, 000)
i [l+ a ] 8 [l'*(135 000 ]
u
| g = 86,700 psi
eq !

This equivalent stress will be used to enter the fatigue curve,
Figure 3A-7A. This curve is from ASME Paper No. 76-PVP-62. Since
the theoretical fatigue curves from this paper were obtained on
small polished specimens tested in air, factors must be applied
to account for size effects and scatter in the date. Therefore,
a factor of either 2 on stress or 20 on cycles, whichever is

more conservative at each point, was applied to the mean failure
curve to obtain a design curve which accounts for these effects.

The Design Life for a Oeq of 86,700 psi is:

N = 1,900 cycles

i, i
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THREADED CLOSURE - M10 PISTON BLOCK/NOZZLE BLOCK

The configuration of the M10 Piston Block/Nozzle
Block threaded closure is shown below, along with the imposed

loading obtained from the overall model.

JU5Ton)
BLack BEFORE LPTIFE
[
NOZZLE BLock /. 787x/0

The ANSYS finite element model of this area consists
of 1027 Isoparametric (STIF42) elements. The method of handling
the threaded closure is the same as for the downstream M10 Heater
model. The Nozzle block contains 8 - 2" diameter holes on a
17-1/2" diameter bolt circle. To account for the increased
flexibility of nozzle block due to these holes, the modulus of
elasticity, E, was adjusted as follows:

_ Area excluding holes 6 _
Emop = Area including holes X 30 ¥ 107 psi

E

6 — 6 L] 1
MOD (0.7715) (30x107) = 23.14x 10" psi v

This modified E was used for those elements of the nozzle block
which are within the annulus formed by the holes. To account

for the resistance to rotation imposed upon the nozzle block by

B T



the nozzle throat insert carrier, all nodes along the inboard
surface of the nozzle block were required to have the same

radial displacement.

The resulting isostress plots of the various components
are shown in Figures 3A-8 through 3A-10. The maximum stresses
occurring in each component (exclusive of threads) are listed
below.

Ref. ODANDM1 (1/23/78)

Maximum Stress

Component Intensity (psi) Element
Nozzle Block 21,700 181
Piston Block 25,100 834
Outer Housing - 15,300 930

The distribution of forces along the thread interface
is shown in Figure 3A-11. Again, a detailed model of the Piston
Block tooth #4 was used to determine the stress state in the
tooth. The method followed was identical to that used in the
previous section. The maximum stress intensity occurs at the
surface of element 135 and is 23,600 psi (Ref. ODANDXA - 2/27/78).

Even though tooth #4 is the most highly loaded,
Figure 3A-9 shows that the maximum stress intensity occurs at
the last tooth (#9) and is greater (25,100 psi vs. 23,600) than
that obtained from the detail tooth model. Figure 3A-12 shows 3
that the piston block and outer housing'are undergoing rotations
which will induce large hoop forces-:at the upper end of these

components. This increase in hoop loading is the major factor

contributing to the larger stress intensity in the last tooth.

As a result, the interfacial loadings and boundary displacements
from the overall model for the last tooth were imposed upon the
detail tooth model. The maximum stress intensity from this case

(Ref. ODANDKJ - 2/28/78) is 24,200 psi at the surface of

s i it et A




OF STRESS INTENSITY

FIGURE 3A-8 - M10 NOZZLE BLOCK/PISTON BLOCK CLOSURE
ISOSTRESS PLOT
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FIGURE 3A-10 - M10 NOZZLE BLOCK/PISTON BLOCK CLOSURE
ISOSTRESS PLOT OF STRESS INTENSITY
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FIGURE 3A-12 - BOUNDARY DISPLACEMENTS -
M10 NOZZLE BLOCK/PISTON BLOCK CLOSURE
{Ref. ODANDM1)
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element 135, This value itself is less than the 25,100 psi
value obtained from the overall model. The purpose of the
more detailed thread model was to account for any localized

stress concentration factors in the tooth profile. However,

the primary loading on this thread is hoop stress which will
not localize itself. For purposes of the fatigue analysis,

‘ the value of 25,100 psi will be used.

The threads on the M10 Piston Block are interrupted

as shown below:

_ (4) (45)
360

Percentage which is thread =+50%

Therefore, the stress intensity must be increased

by a factor of 2, i.e.,

(oI) = 50,200 psi

MAX

e et bl




‘ i
Following the procedure outlined in Section :

Unpp = 25,1005 oy = 25,100

3
o= (7)(25,100) 3 = 27,700 psi
R [1 +;z_5_¢99_]

135,000 .

which relates to a design life from Figure 3A-7A of

N = 400,000 cycles 3

%
q
|
]
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APPENDIX 3B

FRACTURE MECHANICS EVALUATION OF THRE2DS ON
DOWNSTREAM END OF MACH 10 HEATER VESSEL
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The procedure followed herein is outlined in detail

in Appendix C.

The thread material is modified AISI 4340, or "gun"
steel (ASTM A-723, Class 2), with the following material

properties:

¢, = 135,000 psi
oy = 120,000 psi
Ko = 100 KSI /in,

From the stress analysis of the detailed tooth model,

Ivyax = 133,800 psi

The critical crack depth is:

1 (100,000 2
4cr T 1. 257 \133,800

= 0.142 in.

The cycles to failure is determined from:

c, = 1.1737 x 1071% for aK in psi vin.
n-2) = 0.25 M2 = (1.25m 1123 = 4.6593

5 1

= 3.4239 x 10!

(h0)P = (133,800) 22

1 _ 1
(.142)

= 1.2763

(n-2)/2 ~
CR

0.125
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2 1 1
_ N/2. n n-2)/2 (n-2)/2
(n 2)COM Ao aj; aCR

Z
1

cycles to failure =

2 1
e -1.2763
(.25) (1.1737 x 1072°) (4.6593) (3.4239 x 1071) [a_0-125 :]

1
4272.6 | —2——~1.2763
Sl oo
i

From which:

=4
H

L [ __4272.6 ]8
i |N + 5453.1

We now have a relationship for determining the cycles to failure

for various defect sizes. This expression 1s shown in Figure 3B-l.
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APPENDIX 4A

PRIMARY STRESS EVALUATION
FOR
MACHH 14/18 HEATER VESSEL
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1. Primary Stresses in Cylinder and Liner

The primary stresses in the cylinder and liner
section of the MACH 14/18 Heater Vessel due to an internal
pressure of 46,000 psi and a shrink fit of 0.017" on the
radius between the liner and the cylinder were calculated
using a special-purpose computer program. The resulting
stresses are listed and compared to the allowable stresses

on pzaae 4A-2

IS

e L e L T T
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ENGINEERING DESIGN & ANALYSIS SERVICES 4a-2 O'DONNELL & ASSOCIATES, INC.
PiITTSBURGH, PENNSYLVANIA
oy | F} oareé)f //7ﬁr sussect MACH /4—//8 Healer Vessel sueerno | of /
CHKD. BY DATE o .. .. PROLNO T /L7
REF: PDANDGD - 6[29/78
Liner Stresses Com/oqreJ
fo the Allowable Stre-secs
Sire- | Catcolated | Allowdble ’
Cuteguy | STrecs (psi) | Stress(psi)
Fi 95 568 5, = §o,000
Fn+ F 121,560 .95y =2 000
5fre§i-c.5 /'p /./'ner Are Dve f‘o
Liternal fressure of 4¢000 psi
and  Shrink Frt of 0.0/7" on Radivs
Sy = /40/000 ,o5i (Asswrer/)
. Sy .
_)n_) = —‘;/—‘ = 80/000 P&/
CylLinder Eody Stresses Cempared
te The Allowglle <=Strescec
Stress | Cqlculated | Allowable
Cqtegory | Stress (psi)| Stress (psi)
Frm 82,686 Sm=72,500
Fnt+ £ (07, 08¢ .55, = 08, 750 |

Stresces in Cylinder Body Are Due

to Intfernal Fressuvre

) ¥4

4¢ 000

and Shrink Fit of 0.0/7" on Radivs

5\) = /4\57000 pSf

S)’ = [Zzo,000 /o-‘)f

for C)/Llh(/C"' Beody

a—
——

72,5

oo /::S(

I ST Sras~ Ritao e uehe RIS ~ -
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2. MAXIMUM STRESSES IN LINER AND CYLINDER BODY

The maximum stress intensities in the liner and
cylinder body due to an internal pressure of 46,000 psi and a
shrink fit of 0.017" on the radius between the liner and cylin-
der body were calculated by hand. These hand calculations are

given on the following pages. The resulting stresses are

summarized in two tables on page 4A-7.
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PITTSBURGH, PENNSYL VANIA

gy [ EF DATE \/, ?//0 sussecT MTACH /4//5 Heqter Ve b sweerno | of 4

CHKD. BY DATE ) . o PROJ. NO J /=70

Maximom Stresces in Liner And Cylinder Ecdy

Refercneco . zfrrn]ﬂ) of /‘//qf'er/qL :, Fearl ZT/
Time ShenKo | pp. 2l/-274.

03 = 7(;/\!-—(/.{_ _éi) f77'mrjeh7‘7'ql Of‘)

r= Hoo,o Stress
7, = _C_L)_a__’.ﬁ__</ —~ ﬁ;) Gcc!;'q/. Sfress)
L - = re

a=iz b= 2o P = 4¢ ocoo P
(@) At Inside Surface of Liner (F=/2")

(12)*(#¢,000) [ <2o a]
Te = | | + (55
~ t (Be)™—(2)” {2>

(Ft -y [/ + (55— J ‘?7/ 750 psi

G\dr - __FI' 46 eoo P‘JI
5 = O_f— -U; — /4_3} 750 ,05,‘ {57‘?655 Inf‘ensl'fy)

(_bx At [nside Surfgce of Cyé;’n(/er (r= /55‘")
U = 25875 [/+<P}°>] 8,955 pi

2
O}=2157875[I— /2‘505>] = -17 7,205 psi

S =<T1‘_—G; = 86//60 pSi

& L T e e

R e R e e e N AN o




ENGINEERING DESIGN & ANALYSIS SERVICES 4A-3 O'DONNELL & ASSOCIATES, INC.

PiTTSBURGH, PENNSYLVANIA

oy [P/ oATE‘/ ///3 sussect MACH /.;//8 Healer Ves oL sweerno - oF 4

CHKD. 8Y DATE o o PROJ. NO -/ /'_/i' A
o

P

Maximum Stresces in Liner And C’\L[:na/s.r [‘cc/L (Continacd)

o Shr:‘r»K [/7‘ Stfr e eo

e N - — - W ~ ]
a=/2 b=/55 C=.u"

F 5 =o0.0/7" E = 30-)(/0‘/05/
| (@) Shrink Fit Pressure
b= ES QAE-QE)(‘CB_
2 b <C“)— qaj
_ @oxoioor)[Us 2 e [Cop-055)°]
2 (15.5)? B o) _C/;)j

p= 4,113 P

Q‘) Af Inside Surfaqce of Liner (f‘:la"

0r= ———-&—2. é‘f = - ‘2<4}”3)(/£b_)&: -
f b -a (155)*-012)* ’

(C) At Inside Surface of CyLincler‘ <F=/5'.5"
o o PURc?) _ (4 12)[UB )+ (20)7]
tT T s T

-y @0)= — (I55)?

O; = (6,484 psi

(] };

I

—-p =" 4/ /12 PSS’
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ENGINEERING DESIGN & ANALYSIS SERVICES O’'DONNELL & ASSOC' “TES, INC.

PITISBURGH, PENNSYL VA i1A

sy UBF  pare u/ ///?i susect/ MACH /4//8 Healer Vesiel sueer Nno - oF 4

CHKD BY  DATE pROJ. NO J / /270

/\]q;\m\um :J'//"c_'z‘:uc;‘.l ’n [/llel‘ /7/1:/ Cy[/m/c'/- ﬁ'c:)r/y (C()Ilfl'lUf"'/z

-
—_

fressdre Flus ShpnK_Fit STresses
) Af Inside surface of Liner (F=j2"
T = 77 750 —20,523 = 77,217 psi
Tp- = =46 coo + 0 = —4¢ 000 pSi
S = U%—ﬁ = 123,2/7 psi

(L) At ILhside Sorface of Cylinder (r=1/5 5"
G‘f= (33,?5‘5' 1+ 16,484 = 85 4327 pSi
= E—412= -2/ 3/8 pSi

c
|
\
\)

o = \7% "(7,\- = /96/75_7/05/'
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DATE C/é‘ '//‘/'*. sussecTMACH /4//6 Healer Ve e

‘L sHeeT no 7 OF -f ]
PROJ. NO J F/=2T70

O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

CHKD. BY DATE

|
BY Ub}‘;
I N
I
l

Vflc, HES in /_;rer CJncJ Cy/.ln({(—?/‘ E J Duc; '/—o

F6000 psi InTernal Freosure O;,L/
| At Inner Surfqce |AT Inner Surfuce

of Liner of Cylinder |

7z feor  (psi) 97 750 L8 G55

t— c'f'r‘c— \F / d / i ]

— cln " . -

dr- g“r&jf (ps:) —4-6, 000 .y 7,205 )

-~ Stress o —

S Intensity (£57) 142 750 8¢, /6o |

Stresses /n Liner and Cy/_inc/er Boc/y Duve To
#6000 psi Infernal Fressore Flus ©.9/7" Shrink Fi t

AT Inner Surface | At Inner Surface
cf Liner of Cylinder i
Lo gz (i) 77,217 85429
i Bplel (pei) | - 46000 —21,2/8
S ‘(E,Tifh?ify (psi)| 123,217 Jo6,757




APPENDIX 4B

FATIGUE EVALUATION OF THREADS
for

MACH 14/18 HEATER VESSEL
ORIGINAL DESIGN
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FPATIGUE EVALUATION OF THREADS

The fatigue analysis calculations used to calculate
the fatigue design 1life of the threads are given on the
tollowing pages. The calculations are divided into the

following parts:

(a) Summary of Loads on Main Cylinder Threads

{(b) Equivalent Pressure Calculation for Maximum

Thread Load on Bottom End

The first part of this appendix deals with the
bottom end of the heater, while the second half concerns the

outlet end.
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O'DONNELL AND ASSOCIATES INC PITTSBURGH PA F/6 14/2
HYPERVELOCITY WIND TUNNEL COMPONENTS STRUCTURAL EVALUATION. VOL==ETC(U)
MAY 79 D PETERSON » E WESTERMANN N60921=78=-C~0013
ODAI-1270=-8~79-VOL=~2
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ENGINEERING DESIGN & ANALYSIS SERVICES

By L F /1

CHKD. BY DATE

O’'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

DATE é/i '///0SUBJECT/W/]CHr/ff//b’ [leater Ve ol sueerno. ! of 1
Fetfom  End

Ref: ¢ ANDG A-¢[29/78 and BDANDAV- ¢/28/78

PROJ. NO

_?L)Ihm(u*y of Forces O M(Hn CyLinJcl- 7'/}/‘6»1"/&

Threal Z R (ths/rad)

I 2 5¢ 468

= 252,199

< 203,957

4 265, 715

& 27,652

é :./'4031

7 2¢0, 250

8 /64,894

9 (69, 51%
/o 154, 211

[ /38,862

[ 122,797

[ 2 joY, 264

| 4 95 480
15 85,é0/

/6 70,731.8
[7 59,918.7
/8 5o, |7]. &
19 4(,46>.3
2o 3%743,4—
By 26,942 1
22 2.0 992.4/
205 /15, 825. 2
24 /1, 410.28
25 4 826,07
£ G 5‘170?,3

Z/E; (TOde) = 3/ 336/872.76 u’-“/’/rac/

[ZF; (Tota L)j Cos(7°)

= 3/3‘/2/ ocoo, 4|5 /.[,5/““/ —
, -,
F/; = &61000) #C"QL) —

4 &7)
2F; (ve) = ZRTted)
26
2 Fy (Ma
(M) 2.777T¥

2Fy (4ve)

3/3/2/ ooo Lé5/rqol —

~—Max (No. 1)

Q} = 46/000 P:;,)

-—/49ree!

= 128,241, 2¢77 H3/vad

irin . .
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The detailed thread model described in Section 5.2.2
-in the main body of this report, which includes the elliptical
undercut on the first thread, was used to calculate the maximum
stresses in the first thread. The detailed thread mode' describ-
ed in Section 5.2.3 in the main body of this report, which has
geometry typical of the second and subsequent threads, was used
to calculate the maximum stresses in the threads other than the
first thread. The results obtained from this evaluation pro-

cedure are shown in the following table.

M 14/18 HEATER VESSEL BOTTOM END
Original Design - P = 4€,000 psi

| Thread Load Stress Range
No. (lbs/Radian) (psi)
1 356,468. 308,628.*
2 352,199. 378,338. !
t 4 265,715. 281,467. ;
7 200,350. 202,242, ?
10 154,211. 144,921, é

*Maximum Surface Stress Intensity from
Model with Elliptical Undercut

These results indicate that the highest stress occurs

in the second thread.
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PITTSBURGH, PENNSYL VANIA

gy (1} DATE // 9/ ~ susJEcT MACH . /4//6 Heator Ves olsneerno. ! oF |
CHKD. BY . DATE Fotforn  En-l pros no 7’/’/ W4E

Cealculyte Maximam Equivalent fro ore ony T hreyd
The Maxmum Thread [oad occurs on [oF Th cad.

Ihe Telgl fFerce on Thread Noo [ (bedy) from
the overagll Model = 256,468 Lés/rad

Tetul = 2m7(25¢4¢8) Lbs

-
o 15 70¢ 5 7K . .27l
i | 59775
N ~ [(/“?/m) — (15.706 5)7
Areq = Cos (7°)
F

i = Max, FPressure
Riax = aves Max, F

2t (25¢,4¢6) - 605(7)
fuax = 7{"[/.) 9775)" - (I5. 706J)]

= 82,4/2,29 psi

» Py, = 82,412.29 psi

9K
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: % PITTSBURGH PENNSYLVANIA
sy PBP  oare sussect M /4 /‘/e"/fe” rvessel guerno | of /
CHKD. BY . . DATE DO#"W\ E"‘d . PROJ. NO TP!27°

I
|
|

vivalent T hreod Fressurecs fer
O?mn;l De s Uy BoHom FEnd of
Mach (4]18 Heafer Vescel

Sl il At Lot LA R AU o s

[-T—ITII\—L;;‘{[/ﬁ1 771/ cad Load Th?@:g l)r'€‘55ure
No. | L“"/"\q"/’qn (p21)
/ J/é 448 8“‘/4/22?
T '4 7/5‘ é/ 430 7
7 dOO _jjo 4—6 3/‘7 /7
/a 154,21/ 95‘ c52.2

_ 2(THREAD LoAD) C05(7°>

[/5 7775)° —(I5 7045)]

P=o0.22) 7/357(THREAD LOAD)




PITTSBURGH, PENNSYLVANIA

sv DBFP  opate 5/30/73 sussectMACH /4//3 Healer eveerno ! oF ¢
l CHKD. BY _ DATE Vessel . prou.no JPI270

n

!

Determine Material Constant, §

The stress distribution across a section containing a cir-

I I ] A Endurance I I ;

’ hevut
! mi

to) (o)

Fig. 6.29. Suess Distribution about a Circular Hole s Bar

cular hole, Fig. 629, has a high stress gradient at the edge of the hole.
L the Toad is just sufficient o bring the peak stress up o the endurance
finag, a fatigue failure would hardly he expecied sinee the voaluime of

L material at this stress 1s zero. A indte volwme ol imaterial mase he ac the
cudurance it before a crack will form, and to obtain this voluime of
waterial the endurance Timie stress must exist at some finite depth, 8,
below the surface; therefore, the steeper the sires: gradient, the higher
the foad nqunui w pm«lu«.c fatigue failure, g, 6.294.

The dinension, 8, is a property of the material; and, in genceral,
hard, tme-graed materials have small values of 8, whereuas soft,
coarse-grained materials have larger values. Thic relationship bewween
8 and steel tensile strengthis, based on correlating fatigue data and the
shear theory ol tailure s shown in Fig, 6.30.

300
)
= 250{-— U o o
B rs oomum shear
| S so0] - | N ey
! o 150f w2
: 2
2 100} - - fre——
50 A
000t 0002 0005 o0 G0z 005

8, inches

Fig. 6,30, Materiad Constant 8 vs. "Vensile Strength for Steel

For the body Mmaterial, the Tensile S‘/‘ren/?f/:
s /45 Ksi and S s Eaqu 1o 0.00/05 inc
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ENGINEERING DESIGN & ANALYSIS SERVICES 4B-8 O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYL VANIA
gy [ £} Date L/' 0/'/8 sussecT MACH /418 Heuter Vessel sueerno 2 of G
CHKD. BY . _ DATE I .. ... rrouNO TFIZT7O

Caglculgte Stress Intensity of Lecth &
l /L\CT:' TimechenKo and Goodier‘/ Thecry of E[q,‘;?"/'c/'fy, £ 0

The stress dictribution in the Vicinity of a
umall Circulqgr hole n the middle of a /O/—q_f'ﬁ'
;iué.J'g:_cf‘tcl te Uniform TenSionh 5 gfiven 67

T = -G [+ [l e 2O - ()" Jeos 26
Ie = J[”:E?‘G%) 7 - D/P-EV-BG/r)]CosAe
Te= - [l- 23 + 2 (&) | i

when & = o/ "7;8;—_0 “and ‘/‘Ae /orinCl/oqL stresses are
Jr = 52[5- + a3 - 5”/”)?

AR A GRS

The stress Intensity is given by :

5.1 =0y —~az| = %[2 + () - é(q//-)aj
= s[1+ 3 - 27

AJJUM& fALIf f/\e bff‘es‘: mfens/f c/lsf'r'( ufron 01_
the thread procelt radivs has the que form as The
dbove Ztress Ihf"’h.):'f'y d/s'f'hb'u'f'/oni

s[+ ACH - 8]

Where : a = 7Thread Root Radius = o.l08 /n,

At

= a+8//‘n.

5 = Distance from Surfdce, in.

-~ .

S//] and B are Three unKnown Constants.
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gy [3F ) 0A155/23/77308JECTN/4< H /4//8 Heafcy Ver-ol sueetno 2 of ¢
l CHKD. BY DATE , .. ... erosNO JHl-ro

For Zhd Thread From ANSTYS Kun ¢DAND YF- ///2/79

a=r = o.lo8 /n,

e T T R
s

rp =o0.118 /n.

r, = o.l4Z in.
At@f)=1,5.1.=19(,388 psi
At (f)=c.11525, S.1.= 14/,227 psi
At @)= 075524 6.1.= 79,50l psi

The Known Stress Infensifries ot the above
Tf\rec LGC'/“,'mil‘;-/ Cuyn Le Used ‘f‘o (':V_CILUclfe _ff\t_ fhrc—e
UI\/\/I)«)W"\S in The 5Tre‘35 I/]fc’.;/\;iffy D/'th'l)uf/'oh Ec}/UcﬂLlon,

/S. I. Dijstribution
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|

PITTSBURGH, PENNSYLVANIA
By L'BF DA155/23/77 sussecT MACH [4/18 Healcr ves: sweeTno o/ o €
' CHKD. BY . DATE o . _ . _erowno Jf 1270
o’

l

s IL.=5S E+ AR )T - B (q/r);»]

[on 2

Sulving For S A N B
S =234664.21%/3
A= 52456
B =o,724¢%

ST =sctem] | + 72450 (V) - 0.7244(%)1

at (V) =1 - sI.=[9,288psi |
it () =0.9525 sS.I.=I¥l,225 psi
~ At () = o.75524, S.L.= 79,4909 psi
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l PITISBUKRGH, PENNSYL VANIA
gy [EF DATE /23/77suaJECTM/ICH [4/18 fleater Vescel gugerno ¥ of &
l CHKD. BY . DATE o S S PROJ. NO J [[2 /o )

U,

AT r= a+ &

= o + c.onfos = . loFel in.

@ o M08 ©.99037
r 5 10905

. 4 _ -
S 1. = 34,464.2%[—1 + 52456 (¢.97027) — o.72.44(c.‘/’/o37)]
S.I. = |84 765 psi

This stresc intensity must be multiplied [ the
f"(,[ll_(,w”” Factear T'oy/)(_'(;ounf far the lr\fc{("rup'/cr{

Threads oh The Eoottom End
- _ (9o _ . Dve To 440 /nTErrup'f(*‘z/
F(‘JC'/’or = (W)ﬂ .04 55 {;/7/‘01‘/ in every G0 Ape

[herctore, The Strecs Infenf,‘/f}/ at the roof
of Thread NS | on the folfem Epd of the ledy
where the Thread Logd (5 g Maximum aned E(}UQ’L
‘/”o = 5'6/ 44¢8 lba;//-qd /(S 2

5. I (Md)()-‘-‘(%;—_-)(/&’f/?éf) = 378, 238 pSi
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™

CHKD. BY DATE , S PROJ. NO J F /a0

Fatigue Life of Threads on Beffem End Clesure

PITTSBEURGH, PENNSYL VANIA

cF DATEI/‘QJ/7?SUBJECT/VMCH /4//3 Heater Vecuclsueerno € oF ¢

Skme (Man) = 278,238 psj
Squt = [61,[¢T psi Sy = 20,0 5 pSi
Sincan = /8?//é 7 o Sy = [45 000 psy
Since St > S, | Smeqn = O
<
Seq = < _[/C_Ju;:& ":’3 = /82 169 psi
Su

7 ne Ekﬁ/gn Life from the FangUG Datq f%0"1
ASME Pq/;t_'l‘ No. 7¢—FVF-62 For the AOJ)/
Mafervial “with g Facfor »f 2 on Stress gnd

¢t Factor of 20 on Cycles rs:

N=l3¢cyctes  (For 2™ Thread)

Since the theoretical fatique curves from this paper
were obtained on small polished specimens tested in air, factors
must be applied to account for size effects, surface finish,
environmental effects, and scatter of data. Therefore, a factor

of cither 2 on stress or 20 on ¢ycles, whichever is more conser-

vative at each point, was applied to the wmean failure curve to
obtain a design curve which accounts for these effects. These
factors have been confirmed by several fatigue tests and simu-

lated scrvice tests on models of components.
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ov DBP DA153/5/77 SUBJECT M/+//8 Healer Vessel suerno | of 2 J
, \./ CHKD. BY . . DATE . BOﬂom E’\d< S PROJ. NO TF/370

[
] 'L/ ‘~ ’ : ;
P

Lriction Loading [hread = Origingl Design

Assome F = Tan (7°)

;7 f=ol22785

o

Np= (252,199)(cos 7°) = 249, 5757621 '**/kadian
o N=(2495737¢2)) (cos7°) = 34¢ 9¢8.0923 t65/Rad ian

FN — 42 602, 325 LAJ/,QQQ/I.Q'\ (76: an 70)

Arply FX ==-C At Nodes joo to (o7 {8 Nodes)

_ 4E 602,325 - , Lés
c = Haute = 5325291 S/ tian

meso.aa//wasc;/\/ = 80,215,999 psi

L4

- titilie, Tt .




The fatigue evaluation of the second thread on the
bottom end of the MACH 14/18 Heater Vessel original design was

redone for an internal pressure of 28,000 psi for no friction

between the threads and for a coefficient of friction egqual to
0.122785 (Tan 7°) between the threads. The resulting fatigue
design lives for these two cases are shown in the following
table.

Stress Calculated Fatigue
Location Range, psi Design Life, cycles
2nd Thread 230,293 575
(No friction)
2nd Thread
(With friction) 257,071 455
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OUTLET END OF HEATER VESSEL

The following figures show the distribution of forces
along the 32"-1 and 25"-1 thread interfaces. 1In both cases,
the maximum load occurs at the first tooth. This load must
be converted into an equivalent pressure for use in the
detailed tooth model.

L 2],
/

g

Lo

Given the total load on the tooth F (lbs/rad),

the equivalent pressure (PEQ) is:

2 2
AREA T{R," - R;)

RADIAN 27 cos 7°

* vl et
. - - f e e e e ey - ey e e
— m it . a4 TSV n . . - & A

md
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For the 32"-1 threads:

F = 4.493 x 10° 1lbs/rad

R. = 15.667 in.; R_ = 15.964 in.2
. ) R 5. i

SooP__ = 94,949 psi

EQ

For the 25%-1 threads:

2.059 x 10° lbs/rad ‘

F = .
R, = 12.167 in.; R_ = 12.464 in. :
1 @]

<+ p__ = 55,872 psi

EQ

The material constant § is the same as for the bottom
end of the heater, 6 = 0.00105 inches. The same procedure is
followed in determining the stress intensity at the depth §,
as was described for the bottom end.

32"-1 Threads
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Frow ANSYS Run @DANDRB, 7/24/78

r, = .12881
r, = .14871 ]
ry = .16861
At (a/ry) = .826, o, = 195,073 psi
(a/r,) = .730, o= 148,668 psi 4
(a/r3) = .634, o= 85,024 psi

Therefore, the assumed stress distribution in the

vicinity of the thermal root radius is:

a 4 a 2
sit + ad) - B ]

(e}
]

thermal root radius = 0.10891 in.

z
=3
0]
Ia]
4]
V]
It

r=a+ § ;

[
I

distance from surface, in.

S,A,E = constants to be determined

Using the above three equations and solving for S,A,E yields:

S = 244,357
A= 2.560
E = 4,382
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Therefore, for the fatigue analysis, the maximum stress

intensity is:

o; = 204,127 psi

The stress intensity range for one pressure cycle is:

O RANGE = 204,127 psi, Oy = 130,000 psi
OpL = 102,063 psi, o, = 145,000 psi
MEAN = 102,063 psi

Snow, A. L. and Langer, B. F., "Low Cycle Fatigue of Large
Diameter Bolts," ASME J. of Engrg. for Industry, Feb. 1967.

g +

ALT IMEAN " 204,127 psi

Since art < cy and St ¥ OmEAN > Oy'
Suay = Oy = Oapp = 130,000 - 102,063 = 27,936 psi
} Toarr ) (7) (102,063)

ea IMEAN ’ 27,936 >
- _MEAN - <£!,736
8 I:l - :l 8 E * (145,0001'

113,340 psi

[}

Oeq
This equivalent stress will be used ta enter the fatigue curve.
This curve is from ASME Paper No.*® 76-PVP-62. Since the
theoretical fatigue curves from this paper were obtained on
small polished specimens tested in air, factors must be applied
to account for size effects and scatter in the date. Therefore,
a factor of either 2 on stress or 20 on cycles, whichever is

more conservative at each point, was applied to the mean failure




s e T T

- r———

curve to obtain a design curve which accounts for these effects.
The Design Life for a ueq of 113,340 psi is:

N = 650 cycles

25"-1 'Threads

Following the same procedure as outlined in the

previous section for the 32"-1 threads, the maximum stress

intensity is: (Ref ANSYS Run ODAND5Z, 7/24/78)

At (a/rl) = ,826, o, = 130,986 psi
(a/r2) = .730, oy = 105,039
(a/r3) = .634, op = 94,835

op = 228,607 psi

The 25"-1 threads are interrupted, therefore,
this stress value must be increased by

O
(=]

|

7" 2.045

bl

since the finite element model assumed the threads to be
continuous. Therefore:

6. = 467,501 psi .




The stress range is O RANGE = 467,501 psi
Opprm = 233,750 psi; Oy = 130,000 psi
UMEAN = 233,750 psi; © = 145,000 psi
Ot ¥ Ompan = 467,501

Since OALT > Oy'

Ueq = Oppp = 233,750 psi

This equivalent stress will be used to enter the fatigue
curve. This curve is from ASME Paper No. 76-PVP-62. Since
the theoretical fatigué curves from this paper were obtained
on small polished specimens tested in air, factors must be
applied to account for size effects and scatter in the date.
Therefore, a factor of either 2 on stress or 20 on cycles,
whichever 1s more conservative at each point, was applied to

the mean failure curve to obtain a design curve which accounts

for these effects. The Design Life for a Oeq of 233,750 psi is:

N = 70 cycles

e oo R . . > e,

b2
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APPENDIX 4C

FRACTURE MECHANICS EVALUATION
O THREADS

for
MACH 14/18 HEATER VESSEL
ORIGINAL DESIGN



Fracturce Mechanics Evaluation

The procedure followed herein is outlined in detail

om

in Appendix 5C.

The thread material is modified AISI 4340, or "gun
steel." This is now designated ASTM A-723 material. Assume

this material has the following properties:

Su = 145,000 psi
Sy = 130,000 psi
Kic = 100 Ksivin.

The calculation of the critical crack sizes and
the curves of cycles to failure for various initial defect

sizes for the threads on the top and bottom ends are given

on the following pages.
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Threads on Botfom End Clesure

For 2nd Thresd for P= #¢0ce ps/
eal= 376238 pSi , Ko = /20 Ksillin

/- Kl‘c = /oo KSH/TVT

2. Critical CracK Depth

i | /Oo 000 o
Jlm . o mm——m e o.C <
ler |- &) j38) .0l 7790

3, Cycles 7o Failure

kjo = //71 L4411 \'/(‘w/f; '}Eor AK in Pt m
1./25
oL '1/2- (/ 7T> _ 4—.(5—7564‘544

- z ol -
AT = (0 78,508) T = 2.5 500/2795 x0!?

/ _— / — / (g 2
= — 722299
qc(h"»%’, (\O. OI 777) © /‘_5

N = 4/2.0‘?7%7[—0{},—2—? ~ /. 6547232179

v

’ 8
Q. = 4/20/7067 >
" \N + 68/.9/c060
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oy ] 1
__Inghes Cyctes
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o.ol4dt] 7l 20
i g.oflcloe 5o
E o.008(4 084 70
0.005953a08 joo

006227 Ho 200
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o.0000n 04 700

c.uonoa/Z 7889 | coo

A o.ocooo 692 [Heo
O.,0aL6Ga0 {0773 2000
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25"-1 Threads on Outlet End Closure

If o = Ao = 467,500 psi and KIC = 100 Ksivin.
; 1. K;. = 100 Ksi/in.

2. Critical Crack Depth

2
) = 0.0116 in.

SR Tl A

a = _1_ 100,000
CrR ~ T.25% ‘267,500

e P Ae

3. Cycles to Failure

15

c, = 1.1736 x 10" 72 for AK in psi/in.

(n-2) = 0.25,M"2 = (1.25m) 1125 _ 4. 6593

Ac® = (467,500)2°25% = 5.715 x 1012

1 1

= = 1.745
(n-2)/2 125 :
acp (.0116)

m—-m\

PN 3 e ‘ ‘_ﬁw " —— il
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Ai vS., N for 25"-1 Threads on Outlet End Closure

0 = AT = 467,500 ps

a.
1

i,

Inches

.01102
.01082
.01026
.00939
.00223
2.764 x 10
9.302 x 10
2.307 x 10
1.260 x 10

-5
-7
-11
-13

KIC = 100 KSIVin.

Cycles

10

100
500
1,000
5,000
10,000
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APPENDIX 5A

PRIMARY STRESS EVALUATION
for
DRIVER VESSEL
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Primary Stresses in Cylinder and Liner

The primary stresses in the cylinder and liner section
of the Gas Storage Vessel due to an internal pressure of
60,000 psi and a shrink fit of 0.021" on the radius between
the liner and the cylinder were calculated using a special-

purpose computer program. The resulting stresses are listed

and compared to the allowable stresses on the following page.
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gy [ BF DATE 3/'-‘/73 sussect Gras Sfordge Vessel sueerno | of !
CHKD. BY  DATE o .. prowno TFlz7a
o/ pef: QUANDG P~ 1/9]78 (ELv)

liner Stresces Compar cd
te the Atlowable Strcsseo

Stress Calculated Allocwalle
Category Strees (psi) Stresc (psi
P 94,677 Sm = 89 000
Hn*fi /32,750 [, 5%y, = 120000

Strecses in Liner Are Due To
Internal Freccure of (o000 pci
and  Shrink Frt of oc.021" on Radius
“v= ltovoo psi for Liner
v SU
)

[ - ——
Sm = = 80/000 PS5t

Cylinder Eod Sf/-egseg Com )q"t’,'/
/ y _ /

STress | Caloulafed | Allowable
Category | Stress (psi) Strecs (psi)

Fn 73,604 Spm=72,500

Fn+ F ]c0,3¢3 |.8Sm=[08,700

Stressec |n CYLincIer' Boc/y Are Dvue
To Internal Precovre cf 60,000 psi
and ShrinK Fit eof 0.021" on Kadus

€y = 145,000 psi for Cylinder Body

«
¢ -4

om = 5 = 72/500 F&/
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' 2. Maximum Stresses in Liner and Cylinder Body
The maximum stress intensities in the liner and
| cylinder body due to an internal pressure of 60,000 psi

and a shrink fit of 0.021" on the radius between the liner

and cylinder body were calculated by hand. These hand

g

‘ calculations are given on the following pages. The result-
: ing stresses are summarized in two tables at the end of

this section.
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CHKD. BY _ DATE .. __ ... prodNO TFHI270

Refecrence @ ttfrenqgth of Mq'fcrmL’ Fart ]j
T/nﬂo;‘»/\c,\/{o/ IDP 5//“"/4

Lléz 2y // A":- f(/n( (hf{t’[_ ot
e e 8) i

Maximum  Strecicc in_Liner And Cytlinder _Body

/J--" a” K r /‘/ou/) ctres
N a ,) bf.‘. ~/ . ) ‘.‘;4
\_}" = -6~——:-—Cl—:—-(\/'— ‘7—“5_> [}{q(];ql _)r' eJ,)

/. /DI'(T..“‘.;UIC SfI’Cﬁ/&CS

"

a= |/ E:Q‘f“ pr = 60/000 /35/

(a) Af Tnoide Sorface of Lliper (r:léu>

(12)7(¢ 2 000) [ (4)]
Je = > = | +
O (e4) - ()® 2
U} = 29,000 [/ +—(/“i4i] = |oo,000 psi

\]‘r:——-/:/" = —(G 000 psi

S = «Tt—(j“r = [to,000 pSi {STress, Infen:/fy>

(A) At Inside Sourfqce of CyLinc/er (l’=-‘/7.5-u)

= ‘_7 Co/é: poi
s :20/000[ ._( )J 7&;/6 IG"( i‘
' 1
SZU‘}"G} = 75;23?—/051' '
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sy L'bF pate /)78 SUBJECTG‘dS Sforqje Vessel suwerno 2 of 4
CHKD. BY DATE o . prosno JFIE/O

Muximum Slreswes in Liner And Cylinder Body (cOn'f/nuecl)

S ChrinK Fit stresses
a= 12" 4=)75" ¢=24"

5 = c.02/" E=20x l0® psi

() Shrink Fit Pressure
Es (£-a4)(c*- )
EYE (C“”'— qa)
Goxio ooz )[U7.5Y= 02" ] [0 17.5)7]
2(17.5)° [234)%.(/2)2]
p = 5/'955 /DSf

(6) At Inside Zurfagce of Liner (r=/2”)

2 plE | 2(5955)(17.9)%
O¥— b—"—,q& - 0715)2_(/2)2

p:

(&) At Inside Surface cof Cylinder (r=17.5"
plrrcd) _ (5955) 0757+ (24)]

T¢ = -
€7 ey @4)2 = (175)2

Je = /7,‘/'77 psi
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I sy L'FF oate 2/~ /75 supsecr Gals Sfordge Vessel sweetno > of

CHKD. BY DATE o pROJ. NO J P 1= 700

l Maximuym Strescec in Liner And CyLincler Eody (Coh_f-jnUE‘r/)

3. Prescure Flus ShrinK Fit Stresses

(a) At Inside Surface of Liner (F=12"

.

(T} = |vc, 000 =22, 480 = 77 520 ps;

;_ = - (0,000 4+ O = —(0,000 pPS|

S =10 -0 = [|327520 psi

(b) At Inside Surface of cylinder (r=175"
Te= 0706l6 + (9,477 = 77,093 psi
= —17,6l6 -5,955 = 22,57/ psi

S=q; -0 = /00,664 psi

- e - W
r ittt T i e D e
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sfresces in Liner and Cylinder Body Due To
tc,oco psi Internal Freossure ontly

At Inner Surface | AT Inner Surfyce
of Liner | _of Cytinder
Je é/;/oc/s:; (Poi) /0,509 U7 ¢l
G Badisl (psi) | - Go,e00 ~17,¢/6
S Dfencn | feo,000 75232 |

stresces in Liner and Cylinder Body [uve fto
tg,ocopsi Internal Fressure Flus o.oz2l” Shrnk Fif
hd At Inner Surfacel| At Thncr Surface !
of Liner of Cylinder |
Tt Gibes POD | 77520 | 77097
e -23, 771
Stress . 7 5o A -
fy [,-,-fenj/fy (PJ/) I 2 // e o /O O/C 634’ ‘ ‘J




APPENDIX 5R

FATIGUE EVALUATION OF THREADS

for
DRIVER VESSEL
ORIGINAL DESIGN



' 5B-1

FATIGUE ANALYSIS OF THREADS

l The fatique analysis calculations used to calculate
the fatigue design life of the threads are given on the fol-
lowing pages. The calculations are divided into the follow- |

ing parts:

(a) Summary of Loads on Main Cylinder Threads on
Outlet and Inlet Ends

{b) Egquivalent Pressure Calculation for Maximum
Thread Load on Outlet End

(c) Fatigue Analysis of Stress Gradient at Thread
Root Radius of 2nd Thread on Outlet End

(d) Fatigue Life of Threads on Outlet End Closure

(e) Stress Results for Threads 1, 2, 8, and 9
on Inlet End

(f) Patigue Life of Threads on Inlet End Closure
(g) Fatigue Curve for Body Material of the Driver Vessel

(h}) Summary of Fatigue Design Lives for Inlet and
Outlet Ends
At P = 60,000 psi with no friction, a fatigue design
life of 680 cycles was obtained for the threads on the outlet

end closure, and a fatigue design life of 133 cycles was

obtained for the threads on the inlet end closure.
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o

l Summary of Forces on Meain Cyl}nr/er Threads

| Thread | 5 Fy (Lbsfrad) X 0%
/ Y

l 2 4.48>8 | —~—Max, (No. 2)
3 3.97125
4 2.60678
5 2.25787
A 3./¢ 850
7 2.99921
8 2.827¢&
b 2.64 223
10 244305
[ 2.22 929
|2 2.00 /80
13 [.76 (62
|4 [.50¢4 3
15 .20/
/6 0. 9268985

~ 5
: ZFy(Toqu) = 43.52444(5 x o Lbs Radian

[ZF; (TOTQQJ Cos(7°) = 43.20004 x(0° Losfrqdian <—

P = éo} 000 P;, “Agree,’
- > &
fo = (610(10)77‘7; et - 43.20000x (07 L8ftadiqn —e—oI
F, (Total . :
2 (Ave) = < ’/(é ) = 2.7202790¢2 X (07 “hadran
=B (Max) _ | a5
}:/‘; (/}Ve)
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Thread load U,‘s'f’r/éuf{oq
fim = 2.720279 X107 L"“;/Rqo/:om
5‘ -
yd 5\—4(1)(: 4.48281 XIOngs/ch{l‘on

KN
T

Fmax

= [.6483
Favq

he ™
T T

,_
Force cor Thread /n 107 ibs/kadian
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PITTSBURGH, PENNSYL vANIA

DATE ”//3/7BSUBJECTG'QS Sferage [essel sueerno | of 2.
Inlet End

prOJ. N0 J P /270
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PITTSBURGH, PENNSYLVANIA

BY DBP  DATE ”//3/78 SUBJECT G’dsr 5f°"‘-73€ Vesse-LSHEET NO 2 _ oF _2-
CHKD. BY _  DATE _ Inlet End ~ pros.No JP/RT70

FZJ"Ce:'f’ on Main Cy[.m:z/er 7T hreqds (Conf'fnuea/)

SF, (Totalk) _

= 3¢,0 . o
ZF, (ave) PP [2C,016.820]
ER W) 5 g74
>F, (Ave)
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ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSQOCIATES, (NC.
PITISBURGH, PENNSYL VANIA

L / |
P I 7/73 sussicr as ) Sforqye Vessel guerno | or |
‘:m?f z::z / Outlet Ead  srosno TPl270

N w (/ -
NMagximom  Eguivalent [ressure on 2™ Thread

}'he Force on T hread No. 2 CBDJ\/) —Ouﬂef'lEnJ-'
From the overall Model = 4.48238/( X /0% Lés frqdian.

16.144 R o 0.271

2(4.4828/ X/oj) - CoS(?“)

[(/8.4/5)2”—- (/&/44)3]

D)

Frax =

frqy = 87,828.67562 psi

ORI, WA
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O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

BY DBP DATE ’/3°/73 SUBJECT i Gas 57"°""73 SsHEETNO [ of /
CHKD. BY . _ DATE vessel . prosuno JFP/2T70

ENGINEERING DESIGN & ANALYSIS SERVICES

Determine Material Constan?, &6

The stress distribution across a section containing a cir-

_—

e

S T Ry o

it
(a)

Fig. 6.29. Suess Distribution about a Circular Hole in a Bar

culiar hole, Fig. 6.29«, has a high stress gradient at the edge of the hole.
I the load is just suflicient to bring the peak stess up to the endurance
I, a Ldgue tailure would hardly be expected since the volume of
saterial at this stress 1s zero. QA fintte voluime of material must be at the
endurgnee it belore s ernekositl forn, and to obtain this volume of
aterial the endurance limig stress inust existat some linite depth, §,
below the surtiuce; therefore, the steeper the stress gradient, the higher
the load requiired 1o produce fatigue failure, Fig. 6.294.

The dimension, 8, is a property of the natenial; and, in general,
hard, hne-grained anaterials have small values of 8, whereas soft,

coarse-grained materials have larger values. "The relatonship between
8 and steel wensile strengths, based on correlating futigue data and the
shear theory of Tatlure is shown in Fig. 6,30,

300

250 ™
Mommum sheor

200 < theory
ol - |- . \
100 - - { -

ensile strengrh, ks

50 i1 1il
CGunl 0002 0005 00l 002 005
8, inches

. 6,30, Matenial Constant 8 vs. Tensile Strength for Steel

For The body material, the TensiLe Strength
iS [45Ksi and § is Equal To 0.00/05 /nches,
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ENGINEERING DESIGN & ANALYSIS SERVICES
PITTSBURGH, PENNSYLVANIA

o 1,/ )
gy [} oaTE /s of 78 sussect Gas 57‘0/’038 Vessel sueerno = of 7
CHKD. BY .  DATE prOJL. NO T/ /=70

Calcvlqte Stress Intensity ot Uepth 8
Ref: TimeshenKe aqnd Goodier, 7heery of Elaslicity, p. 70

//)c >T‘r@>q z//(flz uf‘/o") in T/)fi VIC//’]/?L of f _/mq//
Circulgr hole in the middle of « /)quc. Suéjccfccl to
Uniterm Tension s given by

- w/g[/ (/r ] v/)[/ + 3("74) 4(a/,,)]bo¢)e
g = 5/’-_’[/ + &) ] - % + 3(Y%) ]ccoge
Tro =~ [1 =3 ) + 2 (q/r)g']b/n 2o

[P

When €& =0,7 =0 qnd the principal STresses are:
= e[z + 2 CGH)- 5 CRY
- AR ARV on

The Stress Intensity is given by :
S.L = |G- 0p] = %[z + ¢ (W o (%)F]
= s[i + 3(%) =2 ()]
Assume that the stress intensity distribofion at

the Thread root radivs has the 5c7me Fform 4gs The
d bove Stress mfen.ufy distribuotion:

= s[1 + AR - B(A) | |

where: a = Threqd Kool FRadius =o./c8 /n.
= a+§, /n

& = DisTance from Surface, in,

l 5//4 and B dre Three UnKnown Conotanto,
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ENGINEERING DESIGY & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSYLVANIA

sy DBP  oare '//4'/78 suasect 'S 57‘°"qje Vessel sueerno . or .

CHKD. BY . DATE ovtlet End ... rRouno JP/270

From ANSYS Kun ¢UANDAS —11/9)76

a = I’,‘ = o, /o8 /n.

F= = o118 In.
s = o. /42 in
At @fr) = 1, s I = 222¢z0ps/
At (fr)=091725, S . =/c4 822 ps
At (%r,) =0.75524, S.I.= 94,919 psi

The Known Stress Intens,ties ot the abeve +hree
Locations  Cqn be Used to evqluate the fthiee |
OnKnewn. in The Stress Intens: ty LDistribution Equadtion,

S.I. Distribution
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ENGINEERING DESIGN & ANALYSIS SERVICES 5B-11 O'DONNELL & ASSOCIATES, INC,

PITTSBURGH, PENNSYL VANIA

sy DBP DATE“//4"/73 SUBJECT G‘dS _S'f'brqae Vessel geer NO . . OF

o CHKD. BY  DATE _ .OU"'LAe"f' End  srosno JFPr27o

Ev(lluf:’f:nu The Constants n The Ec;,uQ'/'/"n

L= e A - B )
/\)C‘JULfS in  Tthe fo[l.owing ’

l
l
|
l
I

! 9 = 5—0/8/?./0/35—
A= 43284 B=0694¢9
r= a t+ 5 = o, /o8 + o.00 o5 = o,/OQO\C’_//}_

. I = 215 172 psi

7‘['\crcf'c:r'e/ the STtress Infcnsl'fy at the fecot
(:f 'T/]reqtl No, & o ffue OU'/LCT Ehll \'f f/]f:

. Bed Where tThe Thread [ogqd 5 a AMlaximum
~ qr\c/Y Equal to <4.4828/ X105 tés/padian 5 -

S.I. (Max) = 215,(92 psi




ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANI(A

ov DBP  oare !l /4'/73 sussecr GA S 57‘9"0'39 Vessel suerno o
CHKD. BY  DATE ovtiLef End ~ pros.Nn0o TP /27O

.F}ﬁjuc Life f Threads on Outle? Fnd Clesure
S' ur\L)e (MC{X) - 21/5; /‘?2 f)_‘;l'

SqLt = /O_// 59¢ /o;/' Sy:‘: /:50/()(,0 poi
5;)\6:(1'\: [07576 poi Sy = 145 000 psi
Satt 5;“€<m = Sy, 7 Smeqn = Sy = Salt

Sneqn= (30,000 ~ [o7 T 76 = 22,40F poi

[ —_— / :;)‘1 Ir
i Sl @ - . 2
3 ) . el
8 _E_f__ ‘)':;\an]
~u

The [Design Life from the Fatique Loty  frem
ASME Paper No. 76— PYP~62  For' the body
Material with g Factor of 2 on Stress gad
g fFactor of 20 on Cycles (s

N = 6&0 CycLes E)esign L:‘fej

= //4/5'6‘? pPSi

Since the theoretical fatigue curves from this parer 1
were obtained on small polished specimens tested in air, factors
must be applied to account for size effects, surface finish,
environmental effects, and scatter of data. Therefore, a factor
of either 2 on stress or 20 on cycles, whichever is more conser- ;

vative at each point, was applied to the mean failure curve to

obtain a design curve which accounts for these effects. These
factors have been confirmed by several fatigue tests and simu-

lated service tests on models of components.
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ENGINEERING DESIGN & ANALYSIS SERVICES 5B-13 O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYL VANIA

sy DB P  oare /2//4/78 sussect DRIV ER VESSEL sneetno | oF /
CHKD. BY _ DATE COUTLET END , prROJ. N0 J P /270

Friction Loadmy = 2 Threqd - Ol let £nd

N = (G 48,28L)-[cos®(7) = 441,721 554 L= /kadian
FN= 54,226 5974 Lb5/Radian

C = fé’\—/: 6,779.57384 L45/iudian {f'= an.,o>

}7qu = 0.200%(28007 N = 88, 504 57¢35 ,n&‘/'

= ;];8/‘76\3f>;1'

Yy

For P= 47509 Psi: )
N= 85¢ C\/QLG_’G [Desl'jn L:’fe_/ for P=4Z_5“Oo PSS/

—— e
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PITTSBURGH, PENNSYL VANIA

s DBP DATE’a//5/78 suasect Driver Vessel sneetno [ oF /
CHKD. BY DATE OU?LL 37" End PROJ. NO J'F,@. 70

cotlet End — With Friction

K=-£281°3 - 3 9g.:8

éo/ 000

U = 0.0¢ {ﬁom NSwC Curvc) (see page 5B-26)

CYCLC‘J /\’(:I‘r‘u:y:mr\q on odtef Enc/ -F= 47}‘]00 psi

Ng = 85(&(1-O.Oé)= o5 cycles

O'DONNELL & ASSOCIATES, INC.
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The detailed thread model described in Section 5.3.2
in the main body of this report, which includes the elliptical
undercut on the first thread, was used to calculate the maximum
stresses in the first thread. The detailed thread model
described in Section 5.3.3 in the main body of this report,
which has geometry typical of the second and subseguent threads,
was used to calculate the maximum stresses in the threads other
than the first thread. The resulting maximum stresses in

threaus 1, 2, 8, and 9 are shown in the following table.

Stresses in Driver Vessel Inlet End
Original Design - P = 60,000 psi

Thread Thread Load Stress Range
No. (lbs/Radian) (psi)
1 378,073, 286,574.*
2 390,925, 380,900.
8 243,857. 210,241,
9 228,027. 190,656.

*Maximum Surface Stress Intensity from Model
with Elliptical Undercut

These results indicate that the highest stress

in the second thread.
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PITTSBURGH, PENNSYL VANIA

ow DBP  oare /W4/78 sUBJECTG-qsf 57‘°I‘q9€ Vessel geerno | o /
I’\Lef End _ prROJ. NO J FIE&70

ENGINEERING DESIGN & ANALYSIS SERVICES

Maximom  Equivalent” Fressure opn 214 Thread

' CHKD. BY . DATE

I'he Force on Thread No. & (Body)— Inlet End -
From the overall Model = 290, 42k Lbs freadian,

2(290,925) - Cos(7°)

Frtax = ﬂ
T s m)* (5-144)"]

’Dqu = 78,22(.82 ps|

b A £ s 0 0 oM A i — - . N _
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sv DBP  pare ”//4/78 suasect Gas 57"0I’q3€ Vesse

CHKD. BY . DATE Ih Let FEnd
‘ Origindl  pesign

Frome AN-YS AuN (/‘l.’/’NDZ]"////‘?’/78 Al Element s
9 gnd T2 :

PITTSBURGH, PENNSYL VANIA
L SHEET NO l . OFZ

PROJ. NO J Pl27c

AZF = o feBm, rp=0.118in, Iy = o0 /43 /n,
At (—ﬁl—)= [, s T.=19%74/ psi
At ft/ra)zo, 11525, S L= (42424 ps/
At (/) = o, 75524 S.I,. = 82,524 psi
El/dluq'f/nj the Censtynts in The Eiuky'//'un
S. I = 5[/ a /((q/r)%“ B(Q/r)‘:]
Resulls in the fo Llowing
SI.= 473897 26 ‘)[/ + 4-.3538(‘%)44 0.94'03@ r) ]
/4'{" F=at+§ =o,/o8+0.00[/0F = O./0705-ih,

S.L.= 87,276 psi

This Must be Mul'/‘/,oli&ca/ 67 the followin

FacTor to Accoun?t ¥or the InTerru/oTec/ J
Threads on the ILpnlel End:

° ° o
s. I. (MOIX) :G%)<S’I') {aue e 295 /n‘/’erru/ﬂ‘e]

& Thread in every (o® ArC

Therefere, the Stress Intensity af the root

of Thread No, & on the Intel ‘E;rm/. of the Bon
Where The T hreq.d Load /5 a Maximum (5 :

S, L, (MOIJ() =(26?O 5_)(/87/274) = 380,900 psi
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ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYL VANIA

sy DBP DATE"/’4‘/78 sussect F9S 5f°’q9e Vessel gerno 2 oF &

CHKD. BY _ DATE ~Ih LeT‘ End . PROJ. NO \TF/27°
ar-agmal. Des;gn

Fatique Life of Threads on Inlet End Closure

Srange (Max) = 280,900 psi
SqiLt = /90,450 psi Sy =[320,000 PSI
SqLF > Sy , Secl« = Squt = (70,450 psi

The Design l-/fe from the Fatigque DgTq frem
AOME Pq/pe-r No. -PVP-¢2 For ‘/‘he Body
Material wiTh q Fqcfor of 2 on Stress And
94 Fgcteor of 20 on Cycl.es TSI

N = |23 Cycles [besign Ll‘fe]
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‘ ENGINEERING DESIGN & ANALYSIS SERVICES O’'DONNELL & ASSOCIATES, INC.
PITTSHURGH, PENNSYL VANIA

BY DBF DATE ///2//73 suasect A5 57‘0/‘038 Vessel sueerno | of &

' CHKD. BY DATE In Let End , pROJ. NO J P/2 70
\— original Design

sfress jn_ liluil Medol _with _Fiiction (f=o.l22765)

Frem ANSY:  Run ¢)[)AN[.)4F—-///30/78 At Flements
(9 aqnd 712 ;

_1:/”’ = 0, /|08 if\./ [’é"; o./l8 /r.'/ ,‘3 = o0./42 /n,

At '9~> =l S L= 2542 psi

r
At () = c.9/1525, S.T.= (59422 psi
At (Vi) = . 75524, S I, = 99,969 psi
E\/(.(Luqfinj fhe Ceonctants ;n fhe EC},UfIff'Oh
o. [, = SL—/ + /[(q/r>+— B(Q/r)lj
Results n  Fhe fo L[ow/ng:
~ S L= ¢20lli48[] + #.8350 ()'- . 7140()" |
3 AT r=a+ & = 0. /08 + 000/05 = 0./0F05 /n,

S = 208/005’ psi

T his MU.‘)f be Mu/.?"ip(.ied [)y the fo/./.owing
Factor To Account for the Interrupted
Threads cn the InlLet End: 1)

°/nterry fec
S. I (Mox) =[£2-\(s. T due to 29.5° /n p
/X> 27’5_)< ) T{wedc_l in €very (0° Are

herefore, the Stress Infens'ty at the Fool
z; Thread’ No. 2 on the InLenyncl of the Body
where tThe Thread Load 15 a Maximum (S

S, I (MOM> = (f?o ,)—>(3°8,°05> = 423,060 psi

2

[T
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ENGINEERING DESIGN & ANALYSIS SERVICES
PITTSBURGH, PENNSYL VANIA

BY .DBP DATE /’/2//785ua45cr6'd5 Sfof‘qje V6558L SHEETNO 2 of 2
Inlet End . prouno JPl270

CHKD BY DATE
orisginal Deszgn

L'Fﬁ: of Threqols on II;L@?‘_ Em/ L[osurg

fk— F'NCJLIOH)

(Max) = 423,060 psi

<
qum;e
Sait = 211,520 psi

SCIU‘ - S)’/ 567

I"he [)c,'_’:'/'yh Life from The qulyuc Data  From
ASME Paper No, 76-PVP-t2 For “the Body
Magterial with q Faclor of 2 on Stress And

a Faclor of (o on Cycles (5

N = /00 Cycles EDesigr\ L;fé]

5B-20
O'DONNELL & ASSOCIATES, INC.

.
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s DBP

CHKD. BY

PITTSBURGH, PENNSYL VANIA

. DATE IV2//78 SUBJECT G'Q? 5_7‘-°"<1je Vessel SHEET NO & oF &
_ DATE Oriqinal Design __  eros.no TPl2TO

— R R SO PN A FIPUORIV P

/7 oo B , :
Srqn‘Jc(-M‘”‘) - _ZT;_CFOJ (423,0¢0) = 334,922 psi
Vgt t = 107,460 psi 7y = /20000 psi i

Cycles fo Fqi[_ure/ N= |95 Cycles fDes:'jn ///’c_/

4 WG e Pl NS e A




copns

ENGINEERING DESIGN & ANALYSIS SERVICES 5B-22 O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYL VANIA

svy DBP  oare 1//5'/785um£cr6'ds‘57‘°’q99 Vessel geerno | of 2
CHKD. BY . DATE Original  Design  erosno TPI2T0

1 Gae EE/oim)(.t Vessel /< Operuf'ecl A7 »/Zb‘uo por
the FZ,‘f:'jUL‘ Life ef the Vesdrel will te
(,h(/r\c}(:J Ao Followso,

InLtet End

: _ 47500 o
E’)rtlﬂﬂe (M‘VX) - —%;TO—O*(380/ 900) — .:)O// 54 ¢ LSt
quf = /~r'—‘)/773 /DSi Sy= [ 29 000 /n:;,'

SQLT 75‘)« 9(3;1'= qu'—'-' /50/773 /)5,'

/

C\/c_,[cG to F—(u'lule/ N = 270 C’cLes[E)CSiah Ll‘{Ej

()()f[(;f Ernl

Srange (Mux) = m(zlzma) = [70,360 psi

(oo/cmo -
Sqit = 85 180 psi Sy = 130,000 ps/
S;Y\eqr) = 85;/80 /OSi S5, = /45;OOOFS,'

Saut t Smecm = 5}’/ e Smecm = S)"SCILT‘

Smeqn = 130,000~ 85 180 = 44,820 ps/

.- 7 Sualt
:)(;)Ll = — . 3 = /0,3/58() /DSI
8 —|| + 2mean
Su .

(.;yc[t’b' To /:;,'LurC/ N: //Ooo c,dcs[:besign Lifej

el
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ENGINEERING DESIGN & ANALYSIS SERVICES

O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

ov 'BF  pate //21/75 susisecr Gas 57"0"498 Vessel sueerno. | of 2
CHKD. BY _ DATE i PROJ. NO J Fl= 70
o’
FOJY M(‘yfcrak‘lt for fhe Gol;} SJ—/OFQ?ﬁ:
Veceoel Has The #oll ewiny Properties .
Sy T | 4 5/000 /05/
S)’ = [z0,000 pS/
This /s befween Clgss 2 and Class 3
ASTM A-727>= Material. Tharefurc/ the Averqye
cf the qu‘/‘guﬁ _ Datey For (lacs crned CZqﬁ.‘_& =
will be Uced. LDatg is from ASME Faper 76-FVF-¢2.
| Theoretical Fc_l‘/'iﬂUe Dq7L0I
!
N S For Clyss 2 Sq for <lucs 3 ,4v<-rqj(- Ca
| Cyctes Y 217 SRS PSR o S pSi
|C 2/‘734/300 ‘./7/3/000 ,'1/8‘23//500
> foo 82&' O o 756/ [aaY o] 807} OO0
l,000 277 ceo 277, coo 277 oo
' — ‘Jjouo /5-// oo /5_81000 [1,74/_‘70o
Iolooo /23/ 0o o 20,000 |2 é/ooo
E 2 0 7], 0oo 9 oo 85 ovo
i ./O/ Qo o y 8 /u J/
, leo coo 70,000 78, 00a 74}000
goo/ oo _‘;‘3/ oY-Ye! éO/ 000 56/ 5s0
|, 000 000 48,000 54,000 5l,000

o
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ENGINEERING DESIGN & ANALYSIS SERVICES

O'DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSYLVANIA

DATE ’/’//’/*‘j SUBJECT G'qs Sforqge Vesse[ SHEET NO _ ~ OF .2
. DATE

PROJ. NO T f2/& fo

bzc}y Material of Gqv <loruye Ve csel

1/'{-‘1 a {(‘V
Facter of 2 on Stress
N Za.
| Cyctes) Pl
Jo 411750
oo 403, 5oo
1/000 /.3/8/ Foo
5000 7’// 250
,u)ooo L,j/ [eYe X2
fj‘o/ coo 42/ 5 oo
/on/mou 27,000
Yoo, oon 28,z 5
[/c,(:.o/ 000 "*_})’/5‘0
Factor 5f 260 on Cycles
N Sa
Cveles PS I
- Eo 277,000
250 | 54,500
boo [26,000
2, boo 85,000
Looo 74/ vo o
zhoe00 5’6/ o0
bo,000 5//000
Lesiyn  Fatique Curve
v
7 Za
Cycltes P
Yo 277 000
250 154,500
Foo [26,000
2, boo 85_/ o000
5;000 74/000
IOIUO“ éj/o oo
50/000 42/5‘00
[co,uo0 }7/000
5()0/;)00 28250
//mm, 0o0 2 5 Y30
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5B-27

ENGINEERING DESIGN & ANALYSIS SERVICES

ev DBP

CHKD. BY

DATE /2//5/78 sussect DRITVER VESSEL
OUTLET END

DATE

Fatijoe Life of Driver

O'DONNELL & ASSOCIATES, INC,

PITTSBURGH, PENNSYLVANIA

SHEET NO /

Veonol outlet End

Vs P ond Threqd —wi.th Friction
P FT;f/(,ue Life f_rﬂ“/rjue, Life

(psi) (cycles) Remaining (cycles)
47;__‘;_00 856 oy
45000 qQrva 89y
40,000 (196 |24
to, 000 _/25—7 30628
25 cuo / /.¢I5 ‘f&;oc
20 000 20697 29715
| 5000 7[ 987 16¢ 26 8
2000 8,4 77 /}70
;.14/(\00 /:./4-—17 [{ 68[
_‘)_’_?/(,UO // Lo /

NR = F;‘f’flﬁut;

Np = 0.94 (Flvf‘:gue

1.1'7‘8)

Life Re Mqininr)

of /

prOJ. N0 J P27
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ENGINEERING DESIGN & ANALYSIS SERVICES 3B-29 O'‘DONNELL & ASSOCIATES. INC.

PiT TSBURGH, PENNSYL VANIA J
sy DBP  oare /3//5/73 sussect DRIVER VESSEL sneetno . | oF 2
CHKD. BY DATE INLET END  eroino JFPL270

Cregonal  Desiyn - Inte? End —1v,th Friction

(@) Thread No. 2

S F22.060 |
k’ /\~ Qo/ooo = /.05
‘ UZ = 0,22.: {From NSwcC Cum/e)

() Thread No. 8

K= 25072125 = 3.955%¢
/
Ug = .¢6 ([From NSWC Curve) J

_(’\/C[(;‘E/ '[\)S_'D.(\/"”L._’l_‘,l fFor Or‘/jmql De&'/'?n ﬂ-w,'/}\ Friction

Nk = |95 (l-o0.222)= |52 Cycles
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ENGINEERING DESIGN & ANALYSIS SERVICES

BY DBP

CHKD. BY

oATE/a//5/75 sussect Driver Vessel

5B-30

O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA
SHEET NO _ / OF I

pROJ. NO J F12TO

. DATE Oh‘jinqL Pesign
Fatigue Life of Threads
onh Driver Vessel For
frevcore of €o,000 psi
Stress Fatique Lesign
LocATIOoN Rang e, psi L?fe ;jw*
T El | e | eas el
Owuiilhe%/?;in 238,968 532 Cycles
s Frictin) 289 700 [22 Cyetes
15\/'};_2',—’:_52;{‘_0“ 423’ ©eo Joo Cycles
Fatigue [ife of 7T hreads
7

on Driver

» Vessel F[or
Pressore of 47 5oo psi

LocATroN Range, poi____| T TeS
O(lIJ\JtL%':'cipoc'l’i) | 70,360 |, 000 cycles
i,ﬁffﬁﬁ“f,, 189,182 856 cycles
i e | 224920 197 cyetes

1




APPENDIX 5C

FRACTURE MECHANICS EVALUATION OF THREADS

for
DRIVER VESSEL f
ORIGINAL DESIGN
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E ENGINEERING DESIGN & ANALYSIS SERVICES hC-1 O‘DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSYL VYAN(A
| ov DBP  oare 2/’/78 SUBJECT Gas 57"0"0138 sheetno | oF O
- CHKD. BY DATE Vessel R pros. N0 J P /27a
i F
| CracK Growth Rate Anqlysis of 7TAreads f
on the Gags S orage Vessel .
REFERENCES :
[ (1) Im hcf E. T q'r)o/ qusom J M, F&hgue

and Cor-roszon Faftique erc.K G'ﬁ-owﬂ) ofF

4340 Steel At \7r/ous Y/eld Strengths’ A
Progress ;n Flaw Growth and Fracture '
Touahr\ess 7’&57"m3, ASTM STP 536,

Américan Society' for Testing and

Materials, 1973, pp. /82 -205.

Wessel, E.7, aqnd nger T/? “Fracture
Mechom/cs 7echhnolog As Ap lied o
ThicK-Wqlled Nuc_Leqr Pres gre VesseLs
Proc, Conf, on Pragctical AppLication of
Fractore Mechanics 7To Pressure Vessel
7echnolegy, Institutien of Mechanical
Engmeers) /1971,
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} ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

[ PITTSBURGH, FENNSYL VANIA

' sy DBP oare 2/’/78 SUBJECT Gas 57‘""‘4 Y€ SHEET NO 2 or 5
CHKD. BY DATE Vessel .. erowno JP/2T0O

BASIC ASSUMPTIoNS

Il. Thread Material is modified
AISI 4340, or "gun Steel.”
This iS hew designated ASTM

A-723 Material. Assume +his
| Material has the following

Properties :

| '

Sy = /45000 psi
SY = /30,000 psi

KIC = /OO KSI ‘/ n

2. From Reference (l)/ the Crqck growth

_ Fate for This material s represented
by the -FoLl_owina Equation %
r da 8 2.25
r -C—J-A-I- = 0.66 X /o (AK)
Where @ -5!/-3"" = Crack Growth Rate,
inches/cycle

AK = Stress Intensity Factor
Range, Ksi\fin

3. Assume there is a thin Surface defect
oriented hormal tTo t+he MMdaximom
Surface Stress At the inside Surface
of The thread Foet radivs where tThe
Maximum Stress occurs.

4. Assume that the stress Range is
EqualL to the Maximum Surfaceé Stress. |
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ENGINEERING DESIGN & ANALYSIS SERVICES O’'DONNELL & ASSOCIATES, INC.
PITTSEURGH, FPENNSYL VANIA
sw DBP 0ATE£///78 SUBJECT Gas 57'0"@98 SHEETNO O _ oF 5
CHKD BY DATE Vessel .. prownNo JPl270

P?ocea/urj given in Reference (2) will be
ollowed

|. The Fracture Toughness, Kre, iS5
Kre = loo Ksifin

2. Frem Reference (1), the CracK Grewth
Rate, d“A/N/ is:

n
ici- =Co AK
dN 2.25
da _ _8 - For 4340 Mat /L
N - 0.66 X |0 (AK) {Fr—am Ref. (1)

Wl‘ere . -j_% - C"dck G.'.ow‘fh Ra're/ inCheS/CYCLe

Co= Empirical intercept Constan?

AK= Stress Intensity Factor
Range, Ksi\[Tn

h = Slope of d‘*/d/\/ Versos
LogAK Curve
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CHKD. BY _ . DATE

FProcedur

Refer
Note

oun

|
I o/
!
|
|

ENGINEERING DESIGN & ANALYSIS SERVICES

sv DBP  opare 2///78 SUBJECT

Vessel

e (continued)

O'DONNELL & ASSOCIATES, INC

PITTSHURGH, PENNSYL VANIA

Gas Sforage sHeeTvo F o 5

PROJ. NO J /270

The Crack Growth Rate Equqtien From

ence (1) /s Shown in"the curve below.
that the Equatien iS5 an Upper

of The pleFted daty,

T TV T T TTTT7 T T 1T T 1171
3t b ) -
| Jd
i
2f- : /Y
2
10" 4— - —
- 9]
s o Y ]
2 | -
¢ 6} o .
a r. ] o 4 2'25- n
&z da . -8
N FR ol ] C: S5 0661100 (aky ~
- ™ g WHERE AK; IN ksi/irch
sz o
-
-
-«
= .
x -
s
x 4340 STEEL - —
[« . —
& - . 2 —
© ® g, =130ksi (896 MN/ m®) ~1
x . .
3 © 0, =180 ksi (1241 MN/m?) ]
x
© 0 @, *220ks U371 MNImE) -
1L.OKs1 /inch 210998 MN/m3/2 N
LOnch:254mm
: . . )
10°¢ L 1o} L L1 1 bi)
R+ 2 ) 6 8 102 2 . 4 6 8 103

TN

STRESS-INTENSITY- FACTOR RANGE, AK;, xs1/ifch

F IG: 9- Fatigue-crack growth in 4340 steel of various yield strengitc

A4
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5C-5

ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.
PITTSHBURGH, FPENNSYL VANIA
F sy DBP  opare 2/’/78 SUBJECT ) Gas 5f°’03¢ SHEETNO . D of 5
CHKD. BY DATE Vessel . ... erouno JP/270

Procedure (Cor\'/"inuec/)

3. For a thicK-walled Pressure Vessel
Containing a thin (a/t=x0) Surface defect
oriented “normal To the Maximum Surface
Stress, the Criticel CracK depth, acy, is:

| = _ K -
' Aepr = /.25-77_0..2_ Minimum Ae

Cms GES R e .

Where ! Ac¢p =Critical Crack Depth, inches
Kc = Fracture Toughness, Ksifin
0 = Maximum Surface Stress, Ksi

_ 4. The Number of Cycles 1o 9grow 7o
Critical Flaw size (failure), N, is:

2 / [
N = (n- - (h-2
(h-2)Ca M™2A T (q,." Ve )

Where: N = Number of Cycles to Fgilure
&; = Initiql CracK Depth, inches

N = Slope of da/dn Versus
Leg 4K Curve

Qer = Crifical Crack Depth, inches

Co = Empirical intercept Constant
fer’” AK in pst{in

AT = Applied cycLic stress
Range, ps/

~ M= [25 1

Y
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5C-6
? ' ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

sv DBP  oare ////4/78 sussect G as Sforqﬁe Vessel geerno | o 2

: CHKD BY . . DATE . O.Ufl.-ef End PROJ. NO J_/_’/37°
\
Thrcade on Ooflet Fnd Closur'g
If o= a0"= 215 /92 ps;
|. Krc = /0o Ksi \)in
2., CI‘/"ILI'C.ql. chCK Def’f/]
. /oo 000 2‘_ /1
Aer =735 7r<l_/5/9a) = 0.054990
3. Cycles To Fgilure
Co = [.]736¢ X/O_/E Fer AK in P.‘si Vin
o (h-z) = 5 M= (Laom)®° = 4. (5920454

0.2
2T = (215, 192) % = 9.973756802 x/o"
/ _ |

acgn_a)/a - 60,05—49?0)0'/25

[. 4370

l
N = 1466.798759 [’&"T/E?-‘" /.4 37@2436]

Q = (466778759 >8
PN + 2/07.82552¢6 /"

. . e
e 3
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| ! ENGINEERING DESIGN & ANALYSIS SERVICES 5C-7 O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, FENNSYL VANIA

= o DBP DATE”//4‘/78 sumect FaS _5f°"q g€ Vessel sierno 2 of 2

CHKD. BY .. _ DATE _ ,OUTI_-_eT . Ehc’ . _ . _ . PROJ NO _TF./37°
Sy’

a; Versus N for Threads op
ouvutlet End Closure
=AC= 2/5/92 psi, Krc = 100 Ksi\in

Medified ALSL 4340 Material

a, /\/
inches Cycles
0.052947 /0
c.05098 2o
0.0 4 558¢ 5o
0.027953 oo
c.o26t2z 8 200
v.olool7 Joo
0.00554 6 700
0.002462 [eoco
had v.c002¢4 3 2000
¢.C G0 0072289 Fooo

o |466.798759 >8
VU S\NF 2/07.82553¢,

v
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5C-9
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSYL VANIA
BY DBP __ DATE /3//7/75 SUBJECT Dmrer- Vessel 7 SHEET NO _ / OF 2
- DATE ouflLet End ___ pros.NO T P/2T70

Ouvtlcet FEnd - é.‘."‘l 7"/)rcuc{ —W/f}\ f—roc;fl'or\ —P:’.: 452 .00 /051'

o

If =460 = 179,226 psi and  Kpe = /oo k=ilin

2. Cr{f/CqL CI‘UCK [Jeﬁfl‘

/1t

/OO/OOO B ~-
= = 0.0792795
Her a T (/79,224

Cycles To Fa/lure

C, = /./7366)(/0—15 for AK I'n /JSI'VM
(h-2) =o0.25 M= (125 m)"* = 4.¢592¢4 via
AT" = (171,226)> %7 = (. (09251468 xio"

! = I = [.»>7280/48
Q‘"-’—‘)/a (.0'079375)0./2.)

w

N= 2212478814 [_l—/a?_ _ /_3728J

o - 2213.4878/1#4 P
! N + 038, 680046




I ENGINEERING DESIGN & ANALYSIS SERVICES >C-10 O'DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSYLVANIA
ey DBP DATE/a//q/é'BSUBJECT Driver Vessel ) SHEET NO & of 2
CHKD. BY  DATE OU'f'Le‘f End erosno TPIE70
o
Driver V(J/ul ool let End —and Thread - With Friction
[or P=45 000 pei
a; Vercus N for T hreads
aon Ouﬂcf End C/—O-»U*L
T=A0C=[79226 pSi c= /oo Keiin
Modi fied ,4[ I 4_/340 /\’/qfeha[
ay N
inches Cycles
0,07 721867 lo
0,075 22717 Ao
0.067957/87 5o
0.06] 1 B440 loo
o.0d7¢072 | 2o
0,027 20062 300
02242617 boo
0,0] 50762 700
~ 0.008|4 (44 jooa
0.,00[38702 2,004
0.00022581%7 @00
c.ooo0nY565H 4 ooo
c.0000 3204 79] 5‘,000
©.0000(29353 6,000

v

o _( 2,212.4878/(4 >8

N + 3,028,680046

N
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5C-12
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

s DBP DATE l///5/78 SUBJECTGqS ST°V¢39 Vessel queer no | oF 2

CHKD. BY DATE - Intet End ~ prosno JPl270
-
_T'hrqus )y _[h[t:-r Enrl CZ—OT'UI’C
[F T=A40= 3€0,900 psi and Krc= /00 Ksiyin
/. /(,IC‘—"— /o0 Kei \/T
2. Crificgl CracK U(;’Pf/"
, / 160 600 \T_ /"
e =TT (380/,%o> = e.elrIs7
3. Cycles to Failure
Co=1[.172%2¢C6 X /O—,'; for LK in psiyin
o (n-2)=o0.20 M2 = (/.25@)"’55: 4.(592¢C4 5¢4

/ {
(DY A — = [(5753
02V L‘3'<3/7.fr5/ca‘7)"/“F

N = 405'888/47[1"—'/55— - /¢ 5‘753J

{

/ _ 8
0 :< 405 88814 7 ) '

N + 672.769842

i i e
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ENGINEERING DESIGN & ANALYSIS SERVICES 5C-13 O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

sv DBP DATE////5/78 sussectGq S Sforqae Vessel gierno 2 of 2

CHKD. BY DATE ~ Intet End . srosno T/D/270 _

C{,’ Vercos f\/ for Threads on
Inltet End C[osure
= AT = 589400 psi, Krc = jco Ksilfin
/\/104 fred AISI 4240 NMaterial

a, N

Iinchey _Cycles
e.0lvv%98 |o
0.0(288% co
o. 00‘78‘7/ 9o
0.00GT 7/ [oo
v.002 |l 88 200
00009/8/ D00
0,000 4 [ 995 400
C.oLOPOYR Y oo
o.oco|0b6ETT 6Goo

o = " 405 888147 >8
' (N + 672.769842

N
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APPENDIX 6A

DESIGN MODIFICATIONS TO
MACH 14/18 HEATER VESSEL

A b e b Pt 5 09 A R Al £ e e e A A S
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O'DONNELL & ASSOCIATES, INC.

' ENGINEERING DESIGN & ANALYSIS SERVICES 6A-2
| o DBF . DATE ///5'/7‘] SUBJECTM/‘P//& Heatler Vessel geerno | o |
- CHKD. BY _ DATE . ,B_°ﬂ°"1, ,E'J‘f'(_ .

PITTSBURGH,

M14/18 Healer VesselL Bottom End
Ooriginal Design — P = 46,000 p5|

PENNSYLVANIA

pros. N0 J Pl2T 0

Thigad | Thread Losd | Stress Ramge |
! 356,468, 765 532.
° 252,11, 278,328,
4 265,715 281,467
7 200,350, "‘2“‘02 /52—2-”_
o || 1sa2i0 | 144920

M/4-//8 Healer Vessel Botfom Fnd
REV. 1 Design — P= 4¢,000 ps/

Thread | Thread Load Stress Range
No, (Lés/Radian) (psi)
/ 6l,2084 568,608,
7 270,307, 32/12,739.

M/4—//8 Heaqtler |[essel Betfom End
REV. 2 Design~ P= 46,000 psy

Thﬁ:ud T{zzse/a;lddl'::;?)c/ STr&.sg?) Range
| o) 487, 92 19.
4 |15,753.2 300, 9486,

o | 270066, | 31, 226.
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DATE

6A-4

ENGINEERING DESIGN & ANALYSIS SERVICES

O’'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

BY DBP DATEZ/‘F/?? SUBJECTM/4//5_ ﬂeqfer yesse Ll sueer no
_Boffom End

M 14/i18 Heuater Vessel Botltom End

Ora'ginal. Design -P= 46/000 PSS/
Thread Load Stress Range
_No. | (Lbs/Radian) (psi) _ "

/ 356,468, 308,628

2 352,/79. 378,338
4 2eq7is | 2BLALT

7 2 00,350 2o2, 242,

o 154,211 |44, 721,

¥ Mgximum Surface Stress TIntensity

Frem Model with ElLiptical Undercuf;

M14/i18 Heater Vessel Botfom End

| oe !

pros. No J P/270

REV. 2 Desigh — P=4§,000 psi
Thlssqd c“‘ls.}oRaquiqn) Sfr(epss% Range
/ o | 19547*
2 o /68,1 /ﬁ
4 | 15,7532 300,948,
[o 270,066, | 3l 326

*qu,‘mum Surface S?’ress .Z:I1+en5i7"y
with ElLiptical Undercul;

From Model

h

A




O'DONNELL & ASSOCIATES, INC.

ENGINEERING DESIGN & ANALYSIS SERVICES
PITTSBURGH, PENNSYL VANIA

sv DBP DAT52/2/79 sussectM /4‘//8 ‘ I‘/Cafel’ Ve ssel gierno [/ of /

CHKD. BY . . _ DATE N _BO#QM Ead  Rosno JPle70

Current _VYtuye Factor For MI4 Healer Vesel biffom End

(@) Thread No. 2

_ 378338 _
K—- -—;—G:‘(;—O—o—‘ = B 2247

U‘,: = 0265 (From curve on page 6A-27)

Cycley kemaining Fer FP= 28 000 psi
- v 4

575(1-e.265) = 22 cycles

NR =
O"/:}/"\.\/[ [}t.;:itln - P ']‘/oln E”CJ _ (/V/.f/] F;’I'C‘f/‘on
~ Thread No 2
422,232
- T TTE . 8
K— 46,000 7.1811
UD = 0.233 {AFrom NSWC Curve) (see page 6A-27)

Cycles Remqgining For Originql Desijn-W/ﬁ] Friction

For P= EB/OOOJP:}[
/\/,Q = 455 (["‘ 0.333)-‘—" 303 Cycles




' ENGINEERING DESIGN & ANALYSIS SERVICES 6A-6 O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

! sy DBFP  oare 2/5/77 sueJechM‘//B, Heater Vessel sueerno | o 2
CHKD. BY - DATE Boffem End . rrouno TPl270

L‘Ur[r:nf (,)Sq:}e FqCTcr For M/4' th‘fer Vessel Bo#éiﬂ Evcl
(q) | hread No. 2

578 208

K= 4¢,000

= 8.2247

U)o: 0.265 {F;‘om NswcC CUrVﬁ‘,)

(b) Thread No. 4

K :M: é.//88
44/000

o U; = 0.15  {From Nswc Corve)

(C) Threqd No, /O
|44, 921

K: _—) = 3’/5'05
46/000

(.//oo =0 {From NSwWC Cuf\/&)

v




' ENGINEERING DESIGN & ANALYSIS SERVICES 6A~7 O'DONNELL & ASSOCIATES, INC. 1

PITTSBURGH, PENNSYL VANIA

ev DBP DAT52/5/7? sussect M 14/18 He aTer Vesselsuer no 2 o2
' CHKD. 8Y DATE . °7f°m Ef\d o PROJ. NO :’—F/a 70

Cyloes Rema//)/ﬂ_j____/‘-or REV, 2 DGS/Q'\ For FP=28o00 '/‘_5%_/'

Mo
Up = 0.2¢5 + —67";\3"7 {Seconc/ T/;reqd) .
Ny ‘
Uy = o5 + R {Fourf/\ Threa:!) 1
912
Ni 1
Up= 0 + K {Tenﬂ) Thrccn/)

B Seffing Uz, U and U Equal 1o [0 /\//q
FZZ chhJThréQeﬁL i< def‘éormméd: /

() For _Thread No. 2

~ NR = 5})?5—0(1_0-265)’: é/~5—78 Cycle:»
(£) For _Thread No 4 :
Ng = 1l2(l=0./5)= 775 cyctes
(c) For Threugd No. jo:
NR= 53 Cycles
The Smalles?t Vglue of ./V,Q myet be Used.
1 Therefore, The Cycles Remqinina for the
KEV 2 [)esiar\ / 775 cycLes,

. o PR T g

- LRI R e
- o - T — s s A i ety _"_'“fu . 'v:-»-“ x..-.—r_:,-




6A-8

' ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

l sy DBF o DAT52/7/77 sueJech/4/_/8 Heqfef‘ Vessel sueerno | of [ !
CHKD BY  _ DATE - " Betffom End  prosno TP/270 "

Sreginal Pesiyn - bottom End — with _Frictlion
[hread No, 4

 3(4,059

r K—. 4.4/000 = 6.8404
, o Ve _ _ ‘.
U4 = O./8 (_From NSWC Qurvg) 4
Lycles [@em.v_injgg_f}_[, REV 2 Desgn -wWith Friction i
(4‘f/\ T‘hf‘CLlJ) - /‘Vz‘r f‘)= QB/OOO PS/' 1
N{{: 877(["‘0' /8) = 72/ Cyc.[es i

sakhaldan.

v
- L Ry YR CAP R TS T AR
e e pi s o
PN, RN R s - {
" . S e PR e e R, - | el et _.—'-.*»-.-_W Ty e T~ s )



ENGINEERING DESIGN & ANALYSIS SERVICES 6A-9 O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

sv DBP  oate 2/5/77 sueJech/4;//8 Heq?"er vessel sueerno & o 2
CHKD. BY . DATE ~ Botfom End ) proJ. NOo J P/270

Friction Load in:) - 4" Thieqd ~ KEY, 2 Dc‘:.s/’;}n
N= 1157552 [cos®(7)] = 114, ¢24. 017¢ “4=/eadian
FN = [400].01678 '4/radian  {f = Tan7")

c=Ll = (7502021 L4/Radjan

Pqu =0.23/171259 N = 26,362.67 psi

friction Loadmy~ 47" Thread - criginal e iyn
N = 2¢5, 717 [co:‘(7°)] = 201, 7¢8.5¢45 Lt Radian
fN = 22,/4/.[2824 Lts/radian

PMay = 022119125 7N = (0,718, ¢04 psy |

‘Vds"}\‘a»,mv:&"lw«f - .




6A-10
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYL VANIA

sy DBP DATE/3ﬁ2/785u3JECTM /4‘//8 Heq‘/'er, sueetno | of 4
CHKD BY . DATE Vessel DO#PM End rros. no TFP/270

Beqring__Sfress on Nu?T

for

T he F/cqrmj “tress is: |

(e r [n3- (/3,5‘7)'“1 L’

T he L‘?eur{n«.} Stlresx Mu=T te

Le ¢

Therefere :

= 25 evopn The Enl Loal 0o

[o= %624);(’:»5;()(»:\) = |5 82> 6. 97 Lis

/ 7/

o Than Sy = /30,000 ,o.s// 2.5

N F

T ey

“

F
= | — [58.0049
R \/ T Sy *

15 823 62¢.97
’/7‘(/30/000)

Rzé + /58.0049

"
Raa [4.027¢2 v




6A-11
' ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

' ey DB P oare /%/33/7BSUBJECT M /4//8 He oter SHEET NO 2 o 4

l CHKD. BY _ DATE Vessel PBoffom End prOJ. NO T FP/2 70
" N
b [N e
|
¢
Fer }'= 25600 /os/
)
) (\'P‘
e
/allR .
‘o’
o 4
T
:&*’
o
S i
Y2
)
12,57 K
, R
N— [‘675:_15 — 847/,:
T 5 Y AN




AD=A079 317  O'DONNELL AND ASSOCIATES INC PITTSBURGH PA F/6 14/2
HYPERVELOCITY WIND TUNNEL COMPONENTS STRUCTURAL EVALUATION. VOL==ETC(U)
MAY 79 D PETERSON ¢ E WESTERMANN N60921=78=C=0013
‘UNCLASSIFIED ODAI~1270-8=79~VOL=-2
Jor 3
o

al
aaras T

— A




6A-12

ENGINEERING DESIGN & ANALYSIS SERVICES O'‘DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSY{ VANIA
BY D BP ~ DATE /2/22/$8 SUBJECTM/4‘//8 /'/eeﬁlel*‘ ) o SHEET NO _ 3 OF 4'
CHKD. BY . DATE Vessel Boffom End  prou no JPia27o
fey P o= Bc,/uuu {osf

F= 2 (4) (20000 = 12,571, 680.26 Lo

+ |58.004 19

!

o = 13571 680.26
T (/3101 000)

= |3.8288"

E‘I“ /-):-" 28/00() f):_,' :
I:A:'; %(24)&((28/0:\(,) = /B/GQG/(?O/,S‘a
R, = /3,748'/ = ce /Q2=/3>.75'”

&

7 [2,666,70[. 58
bearing 77'[_@3.75)a—(/a.57)a]

A d

= /27/ &622.3 Pt




6A-13

ENGINEERING DESIGN & ANALYSIS SERVICES

sy DBP  oare /2/32/75 sussect M /4'//8 _ /-_/eeﬂ"el" o SHEET NO ,4-

CHKD. 8Y . . DATE

O’'DONNELL & ASSOCIATES, INC,

PITTSBURGH, PENNSYL VANIA

OF 1/

Vessel Boffom End trosno TF/270
REV., | DESIGN

e T e —
/ S
7 RS Y,

For P= 28000 poi

~

4 5 R

———

| 55971"R




I ENGINEERING DESIGN & ANALYSIS SERVICES 6A-14 O'DONNELL & ASSOCIATES, INC.
. PITTSBURGH, PENNSYLVANIA
i | By DBP  DATE /2./2.7/785UBJECTM /y/e 7/_/_e q‘/‘el‘* o SHEET NO _ _ / OF /
' CHKD. BY . DATE Vessel Bofom £nd.  rrosno VFi&ze

| _,

REV, | DFSIGWN

Node Coordinates

X Y
Nede (n)_ (i)
(752 |2 75 to.o
175 |4, 50 bo. Y5
| /7¢ 15, 4721 (a. b
[rt! /!IZ.!I‘I?I wo. S
(17 /5. 802033 Go. 5
1713 [15.8652 742 Go. 5
17792 13. 75 Gl o
{792 (4. 5 Gl,o
N~ 182 (2. 75 62, o
[823 4.5 2.0
[872 [3.75% (3o
/1873 4.5 63 0
1912 /3,75 ¢4.0
(113 /4.5 64.0
2200 13.8563496 | (4.2(5/65c ¢
»20/ [4./25 64.275
2202 | |4.390/6504 | (4.2651¢504
3203 12. 7% i 64-. 3
320 ¢4 13.75 64.75
3205 (4.125 6C4.75
‘ 2eob [4.5917 64.75




e e Lo

6A-15 ,
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSYLVAN(IA
sy DBP  oate 12 22]78 syaiect M /4-/_/5_ Heater  sheerno. 1 o L
CHKD. BY _ . DATE . Vessel Boffom End eros no JFle7e
Rev, 1 Design
1872 1873 1874
< -
N
-
1815 —1
3¢°
1844 \ RN H
— {822 1835 \ 1824k i
1514 N -
i o B
1829 /c‘m|_—"t,° [T 1812
15e7 /8“3
\/ &4
=2 Ny
) fsck.
17134, eal w e | mse o
172 174 N o e
174 781 |7e %’M 1789
[ [Faad na |
litn v o 1780
g7 \ipt 72 47712
1753 1795 %l
1752




6A-16
O'DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSYLVANIA

‘ sy DBP  oate /3/22/73 sussect M /4-//,8~ Heater  sueetrno_ ,I_ ofF _!
Vessel Bolfom End erosno _TFI270

R ev. ] Design

ENGINEERING DESIGN & ANALYSIS SERVICES

CHKD. BY . . _ DATE

1873 1874

N _

———tuT72

[ J

1815 —

\3( ’
1814 \J e~ al

822 1823

rivt

v ‘il R S
=X I
A7 ;

R .
e AT

. i1/
['1}#’04 '\, 1
/ | Nlsco
4 [
Lorgeyt 18il m-:| mso
- ] ]
(I—/“A — {5 ]"];‘« "_ ‘- ‘l_-j /75?
7‘5 - ) 83 |4
’ L 28GR Rl 150N 1508
(\, 715) q:’.' ’\ Q2 P el
— e - l'“.\ |7l_2- g 1T - 1780
Tt AR S

(753 1795 17070 1771 g772 (772

1792 179




l ENGINEERING DESIGN & ANALYSIS SERVICES 6A-17 O'DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSTVANIA
\ BY DEID  DATE 12/33/73 supsect M /4‘//8 ‘ //eqf'e" o SHEETNO ! OF |
| l CHKD. BY . DATE Vessel 59#"'?’ End  prosno  TPI2:
. ~—— .
; ' Rev. | Desrgn
‘ 190 199! li712 k] WAL OO Jd 1380
i :
B i
1995 A
1 :
I75ﬂ 1954 1752 1152 1954 1949 ¥
-
115
.
1§99
frte I 192 ' N
3 ]
s
: S
1810 (o1 w72 1872 ot 1869 3
| n '
P ./ 1618
3
1 16230 pN
4 / 1821 1832 Ib3% da 829
Q T
~ 1835, :
X ~
loy 9h -
< . ~
L oy=a T AL e raaff—"2 e i
(\j o
{7531 - y 1
| 795
Y .
A v = ko v
175 (75¢ 1752
j2.57"R .
[ 3. 75K
R
4.5
.__4.*
15.5971"R
] 15.9921"R




l 6A-18
. ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.
_ PiTTSBURGH, Pennsv/,vmu
| o DBP oacifzftececa M i4/18 Healer _ sweerno_ | or.
ti “’ CHKD. BY . . DATE Vessel 5°#°m End _ emosno _ TP2TO
\/
; l Rev. [ Design
l N Sl AL JANLE] NVA L W I 18
119e N \ 1 S 9
l \ Em
, i 1. y
Ry I'ryy
(et 24
\\1
y 1751 1152 1182 nol/ 1 1949
INEY 17 I ‘ el - 9
1 Feie )
: -
=4 1" R T * 1§09 E
( ——— . [710 17” I"j/_,} ;f4‘)+‘ [o 3 /7/4
) '
& - J
"/ ! \/
TR :
TER N\
. In LTN
% 1870 ! 872 1872 et —_(B¢]
N ) ™
A 177 S 17" jgrs;
: [z )
1630 T
4 sz 832 165 164 / 1829
\ln ) (h N»J
i : i/ [ 7 12:/ /535 -
by \L\
. .
\U. Y =6l 1rge Sa 7 1793 7 i b‘ 178 |
O 15 e
\ o 7101
1’ g {753} 7
F : ’ " A TE
A
\/ = (Do iL—.
7ee 1700 1752
R 12.97"% o
[ 5. 758 i
( (4.5 R |
I >
- 15.5971"%
- - D
—




6A-19

ENGINEERING DESIGN & ANALYSIS SERVICES O'‘DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

BY DBP DATE //2/79 sueJech/4//3 Heater Vessel sueerno [/ o;f_?-
~ Beftem End prOJ. NOo J P /270

CHKD. BY . DATE

THREAD LoAps — REv. | DESIGN

LOoADS in (LBJ/RQ:J/QH)
! Tnﬁs,qp LoAD T//I\,leol‘-TAD LoAD

/ 6 [ 208.4 | 4 159,787
2 |14 £48.4 15 138,784,
2 127, 157. [ G /18 9/2.
4 12518¢6. | 17 /00,479,
5 | 52,241, /8 83,65/. ¢

o A 222,243, /9 68,494.5
7 270,307 | 2o 54,987.7
8 270,658, 2l 43/ 059.02
Y 258 598, 22 32,598.7
jo 242,493, | 23 23,487,
" 223709, || 24 15,634. 8
|2 2073 039, 25 9,119
/2 /81,435, 26 4,7 54.

> (LoADS) = 3,336, 87/(. (3 Lbs/Radian




ow DBP
_ DATE " Botltom End  prosno JP1270

CHKD. 8Y

M 14/18 HEATER VESSEL - BorreM END

6A-20
ENGINCERING DESIGN & ANALYSIS SERVICES O'‘DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

DATE //2/7? SUBJECTM l4'//8 Hed.fer' , VC.SSGL SHEET NO__,;')L OF ,a

2
b
N A
n
Wy
Q)
| I

—_ o
" :
Ly & o
@ : TaZ

D a
g 3 <
0 o iy
Lk 1oy TLE gé

~ ~
0 N
Q A
<<
o + 9
~
Q - -} -~
3 o
=
~

S { } o

T 3\ -~ ]

(ungpnb’/cq7 _sol)
Wi pbe7  predY )
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ENGINEERING DESIGN & ANALYSIS SERVICES 6A-21 O'DONNELL & ASSOCIATES, INC.
' PITTSBURGH, PENNSYL VANIA

sy DBP DATE '/5'/77 sussect M /‘f’//af Heater Vessel sueerno [ of 2

CHKD. BY  DATE Boffom End prROJ. NO J P (270
s
5
7+
L‘,K
N0
N
™~
oot
N
)
Uy 4 -
Uy
0]
A
Ny
Ly r
’l
s 2F //
2 /
< / !
% / .
> /
2t o
i
/
I 1 /
N
0 e el ) e e e
O ! " 3 5

Thread load o /(\5 Lé"'/ku,/,qn




6A-22

l ENGINEERING DESIGN & ANALYSIS SERVICES

O'DONNELL & ASSOCIATES, INC.

PITTSEURGH, PENNSYL VANIA

sy DBP DATE ’/5-/77 sussect M /4//8 Heq'fef Vessel sueerno 2 ora
CHKD. BY DATE Botfem End ~ prosnO JPL270

Estimeated Usage Facfor For
or:‘ainql. Design To DATE

M | Gty | MGk Y
/ 356,468 7¢5, 532 16.¢ 42 >/ 0
2 252,191 752,000% [6.248 >/, 0

- 2 303/957 _‘ 5 &0, coo ¥ [2. 60 O. T ]
4 265,7/5w 4-40,000* 9 5~ 0.37
5 237,652 3 38,000% 7,_3“7 é_w Cezp
‘ 217,080 | zezoeot | 5717 | o.re

B '/“ ) Qoo 3o 202,242 4,296 o.o-/ ;

o/ D T

xK Ef‘fim-:fcol F;"om T'hreqc( [_Oqo(_c (Zce £ag9€ /)




i
;
F
[
3

ARG A Ll A I

Nt

\..r'-

ENGINEERING DESIGN & ANALYSIS SERVICES

6A-23

O'DONNELL & ASSOCIATES, INC.

PITTSBURGLH, PENNSYLVANIA

sy DBP DATE //.5-/79 sussectM /4’//8 /‘/eq'/‘er Vyesselgueerno | of /
CHKD BY DATE Botfom End prOJ. NO TP (270
Estimated Usage Faclor on
origingl Design Te Ppate
Threod Mex . dre-- Iafensity | o |, ]
Vo, (120) “ v
/ 7¢5 522 L. 642 >/ 0
: 43@/?}3*‘ [5.84¢ >/.0
5 4o 475F /1.88 ¢ 6e
+f 41,565 ¥ [o.cud .4/
5" 395,736 % 8.603 0,29
6 ’;‘»;’1/5‘/4]1l< 7.422 O,e8
7/ 2o2 242 4.2966 o.of
« Ectimnted From STrecces From overqll Model




PITTSBURGH, PENNSYL VANIA

“
! ‘ ENGINEERING DESIGN & ANALYSIS SERVICES 6A-24
‘ sy DBP DATE//F/'?? SUBJECT H/4//8 HQOHLPr Vessel sneerno [ of !
' CHKD. BY _ DATE Botfom Fnd. ~  erosno T Pi27a
~
l CL:(rrenT‘ et
Estfimate Usage actor
For M(£/18 HeaTer Vessel
Botfom End Original Des/gn
Current
Thread No, Usage '}-qc'for‘
/ >0
2 >]o¥
| 3 0.62—~0,74%
] 4 ©0,37>0,¢4/*
‘1 5 0,2/~ 0,29"
: — é oc./l2+>0.22%
7 0.0/

¥* Estimated

Nate .

The U.sa9Ne Fqg?‘O;_j /Zor
reaqd 0.5 rv
’Chu: Estimated.

The Usage Factfors For
Thread No.s ) and 7
were CaqlculLgted From

Detqil Thread Model
Results,

O’‘DONNELL & ASSOCIATES, INC.




£

ENGINEERING DESIGN & ANALYSIS SERVICES 6A-25 O’'DONNELL & ASSOCIATES, INC,
PITTSBURGH, PENNSYLYANIA

sy DBP DATE2/2/7? sussect M 14 _/-/e_df'ef Vessel sueer NO_I or |
CHKD. BY . DATE _5° #OM ) E’\d X ) » PROJ. NO TFIE..—, o

Fquivalent T hread fressovres

| _trszon | THEEAD ) TR i | T eSS
OKLGINAL / 25¢,4¢8 g2,4/12.29 J
| CkisLnaL 2 352,091 8l,425.53 |
_}J;<IGINAL 4 265,715 ¢l 420.99 |
CRIGINAL| 7 200,250 46,219.17 |
| OKIGINAL [C o |54, 21 25 652.24 #
KEV. | / (1,208.4 /4, 150.85
5 Kev || 7 270,307, | ¢z,492.62
- REv 2 | o o
E REV. 2 2 o o
KEV. 2 4 1157532 | 2676113
nev.e i 2ropce. | C&Ae8T
_ 2(THREAD LoAD) - Cos(7°)
i [@5‘.7775‘)‘a —(/57oé5j‘a]
P=0.231{9/1259 (THREAD LoAD)
N

- a— B e i e e
Pl e




‘ 6A-26
‘ ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYL YANIA

8Y DBP DATE //4‘/7? sussect M /4‘//8 /-/eq'/"cr Vesse !l sueer no / of [/
CHKD. BY _ DATE Bolffom End _  rosno TPl270 :

Interropted T hread
FacTor Fer MI4[18 Healer
VL: ooe L Bollam End

Pressure

46,000 2.0454545
28,000 |. 2450593 _
25 coo0 W—n/‘j//l 66O |
r o000 | o.8892281 |
| e | apesissn |
- [0 0.7l1465

4 (5,000 | ouee99co
| 4’/000 0.622529¢

s cee | 057806302 N
" J o000 o.444cc40
: vocoe | 13339721
‘ | 1900 | 08448017 ,
| /8/00‘;_ 0‘8003753"‘ ]
[ J 500 | 0.7236957

§, 000 0,400 1976

8/000 0,3,'7_5'73/2.

e L RS ——

e e e e e — e eme v e+ b o s e
. ; B i ompotrns 8 e "
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l 6A-28 I
o ‘ ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSY L VANIA

sv DBP DATE//5/7‘7 susJECTMM'//a Heqter Vessel swerno. | or !
l CHKD. BY . DATE BDotfom End . erosno 731379

| L REV ‘2 _DESIGN

'\\

”ﬁr/
0

7

e

%7

g

/

A%

v :

[RRSENPRTURER S

T WAL WM T ieiuan R Tl
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l ENGINEERING DESIGN & ANALYSIS SERVICES 6A-29 O'DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSYL VANIA
syDBP  oate //5-/79 sunsectM [4/18 HEATER VESSECL  sueerno | of |
: I CHKD. BY _ DATE BoTreM End - REV, &  prosno TFP[270
; - | ‘
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sy DBP  oare ‘/7/77 suaJECTM_/‘f//S /feQﬁ-’f Vessel sueerno | of &
CHKD. BY DATE Bojffem End  erosno TPIRT70

THREAD LoADS - REV. 2 DESIGN

LoADS in (Lbs/ch//qn)

TH/@::“Ao LoAD THREAD L 04D
-f [15753.2 16 [&1,¢95.
5 [ 20,545, 17 [59, 290,
6 |44, 522, /8 127, 448.
7 136,2619. 19 116,668,
8 148,069, 20 97, 2¢3.4
< 9 2219, 280 2‘/ 79,407 4
e 270,066, 22 63,545
I 271,856. 23 48,4741
|2 260,324, 24 35,287
/3 244,224, 25 22 422.53
I 4 225 137 26 14,424.7
/5 203, 950, "

Z(LOADS) = 3/336/ 867.83 Lb‘r’/qu/'qn




ENGINEERING DESIGN & ANALYSIS SERVICES 6A-31 O’'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

2
DBP A ’ 7 7? U TM /4 /8 /{eﬂfer VesseL SHEET NO a OF
2:0(0. Y , ZA: / / o B O/ffbm End o PROJL. NO J P /270

N

>
G| 2
§ ll7)‘ A
Wy
NS I
9 o
Q| o
s
| ly °
4| o g
g} pd
x
= N la Q
g -
¢ Y
ly n %
~| =T
Y < .
w{ o o
|
Q
©
N ™
¥« ~+
I
2| &
~_} } ]

(ueipe¥/s97 o/)
U:r pro] peadyy

T AT P 7



6A-32

ENGINEERING DESIGN & ANALYSIS SERVICES

3y Dﬁ P DATE ///8/775UBJECT

- DATE

CHKD. BY

O’'DONNELL & ASSOCIATES, INC.

M4 Hew fer ryessel guieerno _ j
Bollom £End

First Thread —Origingl Design

PITTSBURGH, PENNSYLYANIA

. OF I
PROJ. NO TF/?—_79

NoDE DISPLACEMENT S
cycrall Lretait . .
Model | Model Ox (in) Sy (in)

629 [ -0,202230-3 | 0.352067-/
2 —0.252278~3 0.25%54c-1

2 ~0.504526-3 | 0.2550(b-|

4 -0.65567#-3 | 0.35649/—|

620 5 —o.BolB22 -3 0.2579¢5 -1
( —0.978676-2 | 0.25988&2—]

6>/ 7 ~0,]15053-2 |0.261799 1
2l —o.l4¢217-2 |0.366286—(

641 ch 0. |7738/-2 |0.3270972-]
57 -0,/82750-2 |06.2756%0—{

693 258 -0,188(18~-2 0.38028¢—1
262 —o0.179587-2 0.384622-]

203 |-alTlos5e-2 | 0.288977-]

T4 Zo( -0, [o555¢c-2 | 0.4]/7491—/
742 207 | -0.973¢87-3 | 0,4|4066~]
743 208 ~0.892122-3 | 0.4/[1¢79-/
vael 309 -0,934528-3 0.4o0¢ 788-1
7322 3lo —o.[|8372-2 | 0.399252~|
21| |-o.142806-2 | 0.294¢28-|

723 v2 |~o.l1¢9229-=2 0.2897v3 -
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PITTSBURGH, PENNSYLVANIA

DATE ’/37/77sueJ£ch/4' ‘ Hev/‘er vessel gerno !
PROJ. NO J FP/2 70

End

L/C 1N

-

No lVE

[JISFLACEMENTS

U\/IVLI:?:t L;C,"LL'LL Sx (in) Sy(/n.)

624 / ~0.64504[-23 0.z420]7-]
P Lo Tosol)-2 o0.,.242988-1

Z 6. MG 156 =z o.24 54591

4 -O./(\jé.},"lg 0,34773C‘"
(7o o o [I9227-2 ¢.34-9900-/
¢ e | 2T+7T7T-& 0.255277-1

¢l V4 —0, 155C 262 . 3¢ 3-/
| —0.1957<8-2 0.26 416~

xy x5 —0.235710=-2 0, 26617~
57 ~c.zE4 Bril-2 0. 2704 ¢ —|

613 RIUR ~GLElA2T -2 c.374 (20 ~|
203 —~o0.28507-2 0.279412-1

LG -0.29T142-2 C.384 114 ~|

- 74| 206 |-o.230299-2 | ©.392 212~
742 2o 0221814 -2 0.2)0 8ug—|
/43 ze8 ~0, BT 6T E e.2904 24 -
731 o 0. 25302852 c. 289284~/
720 2la o0, ztba255-2 .38/ D02 -
21 —e.277471-2 | 0.286282-1

723 212 ~6,2996866-2 | 0.2652/1—1
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CHKD. BY payTfe e EMN NS
Foct Thread — KEV. 2 Desrgn
IHCcDE ( DI<cFPLACEMENTS
overall DetaiL . oo
leimt. M%-)JcL bx (in) by(‘”')
629 | ~0.842(66- 3 o,33va8/1-1
2 —0.Q70925-3 o, 227257~
2 —o,[/0]870-2 0.23%7¢22-1
4 —o, (22647-2 .24 (Y48~
PN y =0, |25 4225-2 o, 24462
6 ~o, |92 444 -2 0, 546297
(2 7 o (71404 -2 0. 552 o~|
21 —0.216828-2 0.257zez—|
¢4 35 —on62ae]2=-2 o.z26205F =/
57 0. 288088-2 ©.265798-1
¢93 258 ~0.2 3704 -2 o.2(Ir2
) —0.,22¢ 62 -2 6.27 4444~
so 2 -o.s5 e 18-2 O.270v:7-1
74 | 306 ~c.28286)-2 | o.x7i22 -]
Jef i o7 0. 2862¢T7~-2 | 03276788 -/
743 o8 -0.288377—2 | 0.377504~(
7ol 209 -0.2908732-2 c.27782 |-
Vs e O, BIBTeE -2 0. 78550~/
o1 —0.34(424-2 | 0,279459-1
7z zi2 0,064 [26-2 0.2802(7-]

DATE //37/77SUBJECT M4+ HeaqTer Vessel suetno [ oe /
Boffem End

prOJ. NOo _J P/2 .7?
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sy DBFP DATE ///3/77 sussect M (4 /‘/eq‘fer Vessel serno | o /
Bottom End . PROJ NO ,57'[’[376

CHKD. BY . DATE

Pressore on [st Thread - oriq/nal Design

5 700 5"

/,5,"/727‘35“""< c, o977 Y

PRSP DA DO

n R
79827" K

| o.37s"

r L’IV:JC'-J

il le wqoal Elements

Equivalent Thread  [vessurc

L ougd = 256468 LA;/ﬁa«(/’qn

2(25¢,4¢8) - Cos(7°)

[(5‘?817) (5 7065)j

P=022597¢095 (Thread Load)

*

For ot Thregd - REV. L Lecign
Thread Lload = 6l, 208. 4
F= /3/83/.64 /35/'

p=

F_or 2 nd Thf(tb’ - KEV, 2 Le l;i_;]_}]

T/\'E‘!I lC'(Ic/ = F =0
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sy DBP  oare 2/8/77 SUBJECT M/4'//8 Heqler Vessel sueerno OF
l CHKD. BY _ DATE Boffom EFnd  erosno TPIET70
N’

Fatigue Lifo of M4/i8 Heater Vescol Ecttom Endl
ve, = 41h Thresd — REV, 2 Design —with Friction

P Fé‘dfl‘jue Life Fc_yfljue L, fe
(pei) (cyeles) _Remaining (Cycle&)‘
{ oo 25¢ 210
’iu//(nso féé, L2 8
28,000 879 721

2 5wono 1096 899
v, oo //() 68 //384
|7, oo 4 8_:2 3/(,62
(( oo 7414 6,079
Ib‘/uoo /é/o/a tﬁ{/Z/O
/‘//Ooo /;‘./956 ///46‘}
/2,000 2e, 226 /6/667
jo,cuo0 é:a/c':)c’l 7’2/35'0
[ 9000 224 [, 750
(b/nao 3//5'7 ‘2/587
/¢, Geo €061 4,977
Jooo | /2067 1411695
5,000 36%462 3/(;/077

Ng = Fatique Kemaining

NR-—- 0-82(F_<7fllk ve

Life)

v
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PITTSBURGH, PENNSYLVANIA
sy PBP DATEZ/IZ/77 SUBJECTM/4'//8 Heater vessel serno | of 2
l CHKD. BY . DATE Bottem End  prosng TPIE70
P —
l With Friction
Botfom End = 4™ Threud ~Rey. 2 Design - F=28,000 i
‘ If g-=40= /8¢,658 psi and Kpeo= /0o Ksifin
‘ I KIIC = /OC) Ky V,’n
2, Cr:?‘ic,q[ ercK Ug)f/’]
2
/ (0o, cco »
8 = y) -
ter T TIE T (/86/65'8) 0075088
3. Crg,l_gf_: o Failure
Co= [.]72C6X /O—/5 for AK in P ;/;T
9 (n-2) = 0.25 M2 =(lasm)"%7 = 4.¢592¢4 5¢4

AT = (186658 % = 7241929099 x10"

/ / _ ;
= s7z5 = [.2868/1¢ 939
oYz~ (0.072088)"

N = 2o020./12/8(5 {—a—gl—,z‘;— - /.3868/6‘73?]
;

v

CL:( 2020./21815 _)8
"N+ 2800537627

ki
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DATEa//a/77 SUBJECT M/4//8 /‘/eqfer Vessel sneerno 2 o 2

Boffom End

M/~///d Heater Voo et

Liesign=- with Friction — P=28,000 psi

q,

oin

S"=A0= /86658 psi, Arc = /00 Ksiyin

Versus N for

T hreads

Boffom End Closure

ModifFied AIST 4240 Material
F N
inches Cycles
o.07(02449 /o
o.otlod 523 a0
0.cb244257 50
0.0552c 708 [oo0
o.0420?f§84 200
0.02:28748 200
0.0/l 1614674 S5ao0
c.ol227218 /oo
0.006356275 J,000
0009816177 2,000
c.co02 [ [0 Z,coo0
c.0000(055¢8 4,c00
0.0000202 058 5 coo
0.60000 7 7ol 6,000

a, ’.

_ 2,020, 121815 8
"N + 2,80l.537637

el e e

L o e, —
iy s

PROJ. NO VU P/ETo

Betlom End — 4”‘ Thread —Aev, &

ity L )
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SHEET NO . 1 OF I

DATE )2//5/78 sumect PRIVER VESSEL

prOJ. NO J P12 70

INLET END
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8Y DATE SUBJECT SHEET NO | OF
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sy ELW DATE///73/9£ sussect s 5f°"°'?€ vessel suerno | o @
PROJ. NO J Pl2TO

CHKD. BY DATE

THEEAD Losps- £EU. 1 Dessien

TA-7

O'‘DONNELL & ASSOCIATES, INC.

PITISBURGH, PENNSYL VANIA

InLet End

Loaps w (Les/eqp )x10™°

7THREAD Mo. LOoARD JHEERD NO. LORD
/ e 095 17 /. 509
2 /. 014 /18 /.307
3 /.19/ 9 /. /20
Y /.333 20 0. 950
S /. 805 al 0. 796
b A.795 AR O.58
7 3.260 23 0.635
g 3.303 Y O.427
9 3.20/ a5 0.332
/0 3.044 26 O0.249
/! . 856 27 0.17b
/2 2. Y5 2F O. 11/
/3 A.4H18 < 29 0. 05Y
1% X. /185 30 0.002
ey /952 3/ ©.0
/b /735 32 0.0

e
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PITTSBURGH, PENNSYL VANIA

‘ sy ELW DATE///93/7575UBJECTGGS Storage Vessel geryo 2 o &

- CHKD. BY DATE Inlet End PROJ. NO J Pl27©
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' ENGINEERING DESIGN & ANALYSIS SERVI™ES A9 O'DONNELL & ASSOCIATES, INC.
PITTSBURGMH, PENNSYLVANIA
BY DBP DATE ///30/78 sussect GraS ,Sforage Vessel sveetno | oF 2
E l CHKD BY DATE Intet End ~ pPROLNO JP/R70
\or
H THREAD LoADS —REV.2 DESIGN

i LoAps in (Lbs/Radian)

TH&OE:'AD Lo AD THIGEAD LoAD
/ 68,157 17 /¢4, 998.
2 lez,97].8 /8 142, 892.
3 |20,048.¢ 19 24, /82,
1 129,012.¢2 2o /o¢, 02o,
5 [24,258.¢ 2 89, 476.
v A 173 972, 22 74, 550.2
7 277 487, 23 £l 197.
8 326,077, 24 49, 230.3
1 227 547. 29 386,829,
jo 214, 9¢619. 26 29 588.¢4
[ 297, 74°. 27 2l,42¢.
2 277, 94, 28 - 14081.2
[ 256,287 29 7,677 05 |
|4 233,4719. 3c [, 75¢.4 ]
e 210 247 ey ~2,680.5
/6 | 87, 24¢. 32 —&,432.57

Z(loap:s)= 4252445 54 ‘B5/kadian
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PITTSBURGH, PENNSYL VANIA

BY DBP DATE /’/3°/785u3.|ecr Gas Sforqge Vessel et no 2 of 2

CHKD. BY

DRIVER VESSEL- INLET END-THREAD LOADS

DATE Inlet End erouno TPlE7O
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ENGINEERING DESIGN & ANALYSIS SERVICES O'‘DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

ov DBP  oare 113078 supicer Gas Storage [essel guerno | of 2
CHKD.BY  DATE ~ Inlet End prOs. N J PI270
THREAD LoADS - REV. 3 DESIGN
LoADS in (Lbs/Radian)
THREAD LoAD THREAD L 0AD

/ 85 670, 17 159,253

2 |20, /4.1 /8 | 28,504,

3 156,223, 19 [ 19 208,

4 169, 44e. 20 lol, 420,

g [¢éo, 105, 2/ 85 2¢8,(

6 [¢7, 263. 22 70, 741.4

7 260,08/, 23 57 784,32

8 3/0,235 2 46,307.7

9 215 672, 29 >¢,192. 1

|o 205,789, 26 27/303.‘ 5

[/ 290,065, e7 19,484

12 27],003, z8 l2,5¢7.1¢

/% 249,713. 29 ¢, 376.13

|4 227,1219. 30 7511

| & 204 098. > ~4,402.3

/6 /81, 326, 22 -8, 905.8¢

2(loadz=) = 4,592,44¢.42 Lbo/izydian

.

ENAMS Wy wt
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7A-12
l ENGINEERING DESIGN & ANALYSIS SERVICES O’'DONNELL & ASSOClATES, INC.
PITTSBURGH, PENNSYL VANIA
By DB P DATE 11/30/78 SUBJECT G—qs . Sfcrqye VGS.‘FCL SHEET NO _ 2 OF 2‘
I CHKD. BY _ DATE ~Inlet End ~ _ bposno JFP1270
N’

REV. 3 DESIGN
THREAD No.

DRIVER VESSEL - INLET END- THREAD LoADS

< ) al ~ (o)

| ~ (ubippy/s97 col) Ul A¥o] AVIVH.L




‘ ENGINEERING DESIGN & ANALYSIS SERVICES 7A-13 O’'DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSYL VANIA
BY DBF  DATE /2/7/73 SUBJECT G'CIS_ _5fora3e Vessel sueer no _/»_ o;_2.
l CHKD. BY . _ DATE ~Inlet End ~  rouno TPl270
N’
| THREAD LOADs -=REV. 4 DESIGN

! LoADS in (Lbs/RacIicm)

THSEAD LoAD THIGS:AD LoA D
/ 85 503 17 151,947,
2 [32,189.05 /8 121,121,
r 3 |55 578.¢ |9 [11,927.
4 158 281, 2o 74,444+
v 168,553, 21 78, 694, 9
o ¢ 229,114 ze 64, 646.
7 29 4,415. 23 52,2155
8 202,093, 4 41, 286.4
9 213,492, 25 >/,730.7
O 20%,84/, A 22,298.07
Il 287 8(2. 27 6, 124.8
/& 267, 655, 28 - 9,728.28
E; 245 068. 29 4,063.3
" |4 221,249, 30 —1,057.
o 197, 479, 3 -5,711.84
/6 | 74,175. 32 -9,740.7¢

Z(lo/]l)u) = 4/'j51’3/443,/ L55/ch//«m




ENG/NEERING DESIGN & ANALYSIS SERVICES

Ta-14 O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYL VANIA

sv DBP  oare 12/7/73 sussecr Gas Sforuge_ Vessel suerno 2 o &

CHKD. BY

DRIVER VESSEL - INLET END—-THREAD LOoADS

_ _ DATE ~Inlet End prOJ. N0 J P/ 70
|
o
| 9
< lny
L) - o
N Ry
() ~
ly < S
Q N |o 2
*\‘J’ N\
¥ X Q
¢ W
S oy b §
ly ) ~
&
9
Lq
— i } 5 { 0
%+ © o =~ ©

(ueipry/eq7 Lo1) ! aVO] QYIYHL
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CHKD. BY

ENGINEERING DESIGN & ANALYSIS SERVICES

8Y DDP

. DATE

T - T im0 WD AT

7A-15

O’'DONNELL & ASSOCIATES, INC.

DATE’/3°/77 susect Driver Ve€ssel

Ir\le'f End

F‘gr;f T hread- C)riginql— De sign

PITTSBURGH, PENNSYLVANIA
SHEET NO _ ! _ OF

prROJ. NO I /270

NopE DIcsPLACEMENTS

T B TR 5, (in)
- /_72:7_ “’ ) _'0‘-4:577202—2. o.s2Cel~|
a —o. o094 -2 | o.228424-]

/72‘7 o ~o, 42316672 6, »*003¢ -]
+ —0.4358353-2 0.’;317'92 |

1720 5 ~0, 448479-2 |o.2328z268-]

¢ ~0.4655¢4-¢ | 0.335258-

1721 7 ~0.462048-2 | 0.327887-]
2 —o.515240-2 | 0,243403—|

1749 > -c. 547&/2 2 0.2489(8 -
3 —o.5¢o8Y 0.254204 |

17¢7 <2 —0. )7/5‘74 2 0.3594 90—
2 |-ev71817-2 | 6,204 627

£b3o o6 | -0.49(5952 | 0.29481 -1
2esd o ~0,.489579-2 | e.2¢1282~/
2i2é sods —0.482089-2 0.389498-]
1792 204  |—0.485](8-2 c.28455[1-/
1794 2o -o, Fogael -2 0.278762 -
1795 2l | -0.532(58(-2 0.314 721~
Sle | -o. uoeélv 0.272257-/

176 213 | -0.061740- 0.3097€2-|




|
i l ENGINEERING DESIGN & ANALYSIS SERVICES 7n-16 O'DONNELL & ASSOCIATES, INC.
|' PIT1SBURCH, PENNSYLVANIA
; ' v DBP DATEa/'/77 svmect Driver vessel sweeTno [ of |
i CHKD. BY  _ DATE Inlet End PROS. NO J P /270
i l f{l’ f //N‘-uc] — /\EV 4 D&f_-:! h
| l No DE DIsPLACEMENTS
overgll Detail - . :
' Model it/lodcl- bx (14"\.) 67 Em')
1727 | o, god /5| -2 oL 216656~
2 -0.425237 -2 0.2194719-1
l | 729 3 0. 445 9¢62>-2 o.222/82-
4 -0.457882-2 | 0.223812-|
{730 5 —C.4698°0-2 | 0.325¢0(—/
! ‘ ~0.487918-2 | 0.3295z2-
1721 7 - o. J04096~:. 0.232443-
2| —0.54¢544-2 | 0.329096-|
[ 749 25 ~0. 587 o5|-2 | 0.2544748-/
%o —0.6[3770~2 | 06.350258-/
[767 Zo2 —0.640488-2 | ¢.355908-]
“e 3 —0.65( Jac-2 0.261526~]
v 2l ro A —~0,592715-2 | 0.271 S0}
c6z| 207 -0,.570924-2 | ¢.2700¢c4-)
2622 208 ~0.588 |195-2 0.26 1870-]
1793 309 -0,593789-2 | 0.2(,8854~/
1794 2lo ~0,4l4-¢¢0 -2 ©.2¢7605—]
1795 211 ~0.426129-2 0.266 767~
| e ¢)6J474/ 2 0.267026— |
179¢ 2l -0, 672250 -2 0,2(7084 |




b ENGINEERING DESIGN & ANALYSIS SERVICES TA-17 O'DONNELL & ASSOCIATES, INC.
P11 TSBURGH, PENNSYLVANIA
ov DBP  oate //9//77 sussect Driver ressel seerno | o !/
‘ CHKD. BY _ DATE Ln Lerf— E'\‘,{, L pROJ NO I £ 1270
I Pressyre on Ist Thread —Originglt Design_
7 Elemen fl‘:
R i ~ 2 Y
/8;/4-4 L >L _0.2772 )
[ \\
1B 4212 -

Equivalent T hread Fressuvre — Originagl  Design
Ve

Logd = 378/073. LM/KQCJ/‘(YH J

ﬁ _ 2(‘3;78,073,)-Co$(7°)
[Qa. t212)" - (/8. /4»4)2:]
; P= o0.1958481738 (Thread Lqu>

= 74044.9| psi

"E? wivalent . Thread Fressvre - KEV, 4 DPesign
Loead = &5 503, Ll’s/ch/iqn

F = /61745,6/ IDSI

v e rm——— oy, T S—— . e %=




7A-18
ENGINEERING DESIGN & ANALYSIS SERVICES

BY DDP  DATE 2/7/77 suasect Driver Vessel
CHKD. BY  DATE _I’?Lef - End

O'DONNELL & ASSOCIATES, INC.

PITTSHBURGH, PENNSYL VANIA
SHEET NO l OF _ /
pros. NO ¥ P/2 70

Stresses [n Driver Vessel Tnlet End
Origindl Design - P= ¢o,000 ps;

Thread A d Load | Stress Range
Moo | 1145 Radiany. | " (peiy IS

378,073, 286,574
390,925 380,905.
243,857 210,24/
9 228,027 | 70, 65%¢,

% Maximum Surface Stress Infensity
From Model with Elliptrcal Undercut,

Stresses in Driver Vessel Inlel End
Rev. 4 Design — P = £o,000 psi

d | Th d Load Stress Range
Thres (lbs/Radian) %o/ 2

/ 85503, .| 165999.%
2 122,/819, 2.50,9/7.
8 313,093, 301, 4919.
9 3/3, 492. 286,564

¥ Maximum Surface Stress Intensity
From Model with ElLiptical Undercut:




ENGINEERING DESIGN & ANALYSIS SERVICES

7A-19

O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

sw DBP DATEI2/’3/788UBJECT Gds. 57"0"0136‘ Vessel gueerno_ /. orl

CHKD. BY . . _ DATE

Inlet End

Tf\"eq:/

Fressurce

Equivglent

PLSIGN Tfljﬁfﬁu TA&:*:/{Q qu}f,',‘j) Thr c"v(-/! -/IIU; SEE Ui fﬂ
OFriginal 9 228 027. 45,688.12972
REV, 2 2 l02,97/.8 20,63].7/1886
REV, 2 9 327,547 65 62822624
REV, 3 2 [30,114.1 26,070,02627
REV, 3 ‘?~ ‘_.’:)7__';'—27"2 é 3 248 9279/
REV. 4 | 2 | I3z8%05 | 2¢ 4}32—75;“ |
REV. 4 8 >13,092. . 627Ja/7225
REV. 4 9 3/3 #92. | 42 8/2. {3699
REV> | 8 | 310,535 |  ¢22/9.60418
REV, 2 8 32¢4,079. 5,22%4./0364
original 7 259 0/c. 51,897.17274
REV. | 7 32¢,650, 65, 448.5/08|

2( THREAD LoAD) . Cos(7°)

P=o0.2002628067 (THREAD LOAD)

[(/8.4/5)9‘— Qs./M)‘a]




o d
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ENGINEERING DESIGN & ANALYSIS SERVICES 7A-20 O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

ey PBP  opare “/34/73sueJEcr Gas 57"0"‘3/3 e Vessel gierno | of N

CHKD. BY DATE _I’)Léf End  erosno JPI1270
o’
__[llygj'vnylenf' Fressure on 2.hd Thread- Rev, 1 Design
Ferce on 2nd Thread = /o//f/ /. ZLS/RuJ/tm
2 (/oL 411.) Cos(7°)
PM"X - 2 2
[@8.4/5) —(/8,/46‘)]
Pqu = 20,3]8.77259 psi
Equivalent Ireczore on 87h Thread = Rev, I Design
~ Force on 87% T hread = 220,208, /—l'ﬁ/ﬁqoliqn
P 2(330,356) - Cos(7°)
Max (8. 41)% - (18.14%)°]
Fray = 66,191.45609 psi




|

|

ENGINEERING DESIGN & ANALYSIS SERVICES

PITTSBURGH, PENNSYLVANIA

CHKD. BY _ _ DATE ~ Inlet End _ _ rouno TPl2T70

l sv DBP  oarte ”/32/78 sussect GaS 57‘-0"‘_733 Vessel sicerno. | of !
17

Fquivalent  [fressure  on 41h Thread

|

Force on 4th Thread = 2/2, 559, Lés foadian

2 (312,559.) - Cos(7°)

[&8.4/5)2 - (J8. /44)?

PMm( =

P/V]Q)( = ¢2,825.5612 psi

Faquivalent Fressuvre on 8Th Thread -orit),'nq[ De5/:jn
¥

N~ force on 81 Thread = 242,857 LLS/,Q,,(},'Q,',
(242 857) - Cos(7°)
Fmax = ] >
[@8.4/5)‘ - (/8. /44)]
,Dqu = 48859.87> psi
j —a

O'DONNELL & ASSOCIATES, INC.




_ v - T 9A-22
I l | ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC,
PIT TSHURGH, PENNSYL VANIA

| Y DBF DATE 1//30/785usJECT Gq._s_ ,57L°fdse VeSSCL sneet no ./ oF I
o CHKD. BY . _ DATE In Le'/_ E’l‘-’/ o prOJ. No J 1270

F’r,c_ f/()n /_0 o (/./] Q <2I1J 77)]"(’4"’ - Or/?/'nclt DQ:’I’:} /7)

Accume f =o./22785

f=Tane =Tunl(77)

~ Ny = (290,92 5)(coz 7°) = 3680l Lo/ adioon
N = (28801()(Cos 7)= 385,/18.95 “** [Radian
FN = 47,286.059 L85 /rqdian  (F=cj22765)

Apply  FX = —C At Nedes /00 fe 107 (6 HNodes)

C, = 47,326(95-? - 5/“9/0'832_4 Lés//idc/iqﬂ

L d

2 (285 1/8.92)

| o = Co3(7) = 771425 poi

[@8.4 15)% - (18.144)°]
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TA-23
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

'
PITTSBURGH, PENNSYL VANIA

I sv DBP  oare /2//4/73 susect PRIVER VESSEL  gugerwo | o !

| ‘  CHKD BY . oaTe INLET END  egosno TP/279
y
| froction toading (BT Threud - criginal  Leszign)
i Ny = (242,6857)(cos 7°) = 242,027.23 L65/Radian
N = NT"CCOS 7°) = (340/235, 2o Lé&/ﬁar/iqn
FN = 29497 174 “had {f= Ton 7°)
c= X = 5 0671979 Lo Radian
Fuax = ©.2002628007 N = 48,/24./9993 psi
Friction Loav/,‘ng — Zr'd Threqd — Kev, 4 [)'c'ﬁl'yn
o N = (I3, /87.05)-@052(7‘)] = /30,225 760/ L63/rydian
FN = [5989. 71278 Lts/uay [f: Tan 7°)
- N _ .
C= %__ = 1,998.714097 Lb3/radian
Pqu =T 0,2007528067 N = 26,092.3 988/ /05/
Friction Lloading ~ 8% Thread — Rev, 4 Desiqn
N=(313,093)[cos™(79)] = 308 442.8999 L4/radiun
fN =237872. 02605 Usfrgdian  {f= Tan 7’)
C= ‘%/\‘/' = 4‘,754‘_003854 [65/,Qc/q’/‘dn
Max = C€.2003628067 N = (] 800.485/13 psi
| ~




78-24 ,
ENGINEERING DESIGN & ANALYSIS SERVICES O’'DONNELL & ASSOCIATES, INC.

PITTSHURGH, PENNSYLVANIA

BY DBP DATE"//4'/73 suaJEch'as 57"or'q7e Vessel gierno | oFI

Inlet Ehe/‘ prROJ. NO I P2 T70
CHKD. BY DATE original Desiqn

Max. 2.1, At Inlﬂf End [sy ,qu,'o,‘n? Cotlet an’ RecsulTs
b\/ Fereces

4 apo b
MO EE,

: )o ‘- o . o 5_ '5‘
S.L(Max) = <448'/ v’)éil)(a?i) a1y, 19e) - 381,594 psi

Verso s :380/ Yoo I(y};; oy it ferencc




F 7a-25
', l ENGINEERING DESIGN & ANALYSIS SERVICES O’'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYL VANIA

l BY DBP pate I/, 2'5./788UBJECT G‘QS ,5»7—0""36 Vessel sueerno | of /
CHKD. BY . DATE ~ Inlet End  posno TP/270

Facter For Inlet End for P= 47 500 ps/

Factor = ( é‘? ,J.—/ ((”J) = [ (lo]t)5

oo o

¢
f
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Tn-26
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSYLVANIA
sv DBP  oare ’2//5'/78 supsect Driver Vessel seeTno . | oF
’ CHKD. BY . DATE Intef End  eeonwo TP/270

|~
| keve 4 Intet End=with friction
(/—f'ffl) Fqc'for‘
+7, 5o o /,(,/o/(;‘};
—‘f-fj/cou /_5‘254-2372‘]
.:}o/ U on /‘3_5'5‘732203
3o, 100 /_o/C 947153
2¢, 000 0. (77966117
J 000 €..228983¢508
Lyveo o[ GT47]525¢
(@) <o
25 0a0 o.8474576
~ 1G 000 | o0,5084746
Zlonn c.88(25517
= 4,~v0 0.8/35593
zo,00 0 | 07457627

7 _ 6o / F
F;1C1ur — (37' 5)(6_0190 0)

Ly

W — cem m adme el e S
T ol Lo




TA-27

ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

BY DBP 7 DATE/a//5/785UBJECT Driygr ' Ve 556[ ~ SHEET NO _ , OF_/

CHKD. BY . _ DATE ~ouvtlet End ~ prouno TP/2T0

Driver Yescel Outlef Eru/—-yv/'/"/'\ Friction

P
(poi) Factor
F7, 50 079716067
45;000 0. 75
fo,vo0 c.6666667
jo/ coo 015_ f’
2o ovo 0,332233 o=
/L,j GO0 01/666667 F‘;CTCF 60/()0())
Faweo 0. 0B»%222
/
(o) (&)
., 7’7110\) 0,4»’6(76(77
9 von o0.2Y5
/
Z(,cn0 0. 4223232%
2 600 o, 4
£ =,000 C.26CGGGT

o el e

PR LR B etacn.
L ST

e, - :‘




' ' ' 7A-28

ENGINEERING DESIGN & ANALYSIS SERVICES
PITTSBURGH, PENNSYLVANIA

' sov DBP  oare ///27/785uaJecr Gas Sforqae Vessel sueerno | o |
~ Inlet End . erosno TPI27O.

CHKD. 8Y . - DATE

1

I[:(fl»‘j\)(; / I{e Qf Of‘l"]l.“‘ll 065/.9”
),ﬂl(f E_—Hc’l /} = 6,()/()(,0 /,3/'

he cad Strece Fatique Dezign
N o, /\‘qn.]e, PSi l_a'fel N
pad 280 o0 [ 206 Cycles
8 210,241 ©93 Cycles

Fatique Life of Rev, I Lesign
Intet Enedl — P = Ce,ove psi

Thiead Strees -ﬁﬁc—/—‘f_/ju(: Le-sian
N o. Range, 5 LifFe, N J
o 234-/ 482 56o L‘_ycLeS
g 200,657 250 cCyclLes

O'DONNELL & ASSOCIATES, INC.

q'htju(;‘ Life of Or,«?il\qé [)eSi‘)V]
Intet End — =47 500 psi

Thread Stress Fa tigue Design
No. Range, psi Life, N
2 30l,546¢ . | 270 cycles
8 |66, 44+ [,099 Cycles

Fatigue Life of Rev./ Design
InLet End - FP= 47/ 500 psi

Thread . Strcss Fcﬂ“lgue Design
"-'[’*J*Q—'~~~~ . /.\I_(_’ C\..CJ Sy ./,35' e Lif <,
- /85,622 §88 Cycles




O'‘DONNELL & ASSOCIATES, INC.

' ENGINEERING DESIGN & ANALYSIS SERVICES 7A-29
PITTSBURGH, PENNSYL VANIA
. 8Y DBP oATE/2//4/78$UBJECT Gﬁ&_ V_57L°_'“Q39 Vessel suger NOAl . OF l
H ' CHKD. BY _ DATE Inlet Ehc( . _ .. erosuNo JP/270O
' N’
/;A’fﬂjl)(_’ LI{Q ‘ o'f Oy (]/'l\qL D@_‘;:I'v I3
Intet End - }= é,o/uuu Ps,
T hread Stress F:')fi(}u(‘, Demgn
No, Kunqe, Psi Life, N
Yl 2809, qoo [ 206 Cycles
7 228, 974 58] Cycles
Fatrqgue Life of Rev, [ Lesign
Intet End — P = Ge,ove psi
Thread Sfreos lfér_f/'gue Desiyn
No. Kenge, P Life, N J
P 234-/ 482 560 cycles
-~ 7 32¢, 650 208 Cycles
qu’;c'juc Life of Ori<]/'nq[ Design
Intet End — F=47 00 psi
Thread T Stress Fa f;‘guc Design
No. Range, psi Life, N
2 30/,546 270 cycles
7 181,287 93| Cycles
I"_q'/'"fque Life of Rev. / D_esign
Intet End - F= 47, 5oo psi
Threod _ Stress | Fatique Design
| _No. | Ranqe, psi_ Life, N
~ 2 |85 622 888 Cyclec
7 2_5‘7/ 645 44¢ Cycles




(

7A-30
ENGINEERING DESIGN & ANALYSIS SERVICES
PITTSBURGH, PENNSY L VANIA

sv DBP DATEIA/,4‘/7BSUBJECT Gas 57-0"#38 VesseLl sueer no
CHKD. BY DATE Intetl End

OF
prOJ. N0 J Fl270

/.1; CC)}()O() ,)_‘,‘,'
[ Fivead loud and Stress Kunge  fer
()r/cjirwl [/c“)l"jn - Inlet End ~lriver Vecsel

TRt " Load [ty Ruange
__ Noeo. o Ubky /Kadign) (pei) T
= 390,925 20,900,

& 242857 Zle, 24/
7 259,0/c. 228,994

[Jf 60/ 000 f:bl'
Thread loagd and Stress Kuange fer
Rev. | D65z'jn——_[nl.ef‘ End -Driver Vessel

O'DONNELL & ASSOCIATES, INC.

Thread Lead Strees ]i;c;}fje"
No. _(LbsfRadian) __lpsi)
2 [ol 4]1. 214 482.
8 3‘30/358. 3”/ éf?.
’ 326,650. 327,972.

b




-
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ENGINEERING DESIGN & ANALYSIS SERVICES 7A-31 O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYL YANIA

sv DBP  oate /2//4'/73 sussiect Gas _STorage Vessel suerno. | o 2
CHKD. BY DATE Intet End prOJ. NOo U 1270

Corrent Ueage  Factor  For Inlet End of Driver Vecscel

(u) 1 hread No., =2

558(’1 oo

6)()/ 0 Oo

U: = 0./77 {From NowcC Curve) ‘@ee Aﬁaencl)x 5’3)

= = (.32482

U)) T})reild No. 7
K= =28 1914

éo/ooo

= 3,8/]6¢C

U7 = c.ob2 {From NswcC Curve)

Cycles Kemagining For Rev, 1 Dcsfﬂn

o
N
U, = olrr + ——gg——a— <5ec<>ho/ TAreqr()
U7 = 0.052 + 4/\;114) @eVen'/’A T/\rec:cl)

(@) For Uz'-’:/.O:

Ny = 888(1~0.177) = 731 cycles

(A) Fer Uz =10 : Y

Ny = 446(l-0.052)= 423 cycles

The Smallest Valve of Np must be Used.

Thcrefore/ if the ReV, L Des:’gn is Used
the Usoetol Life Rtlwﬂ/nl'nc] is 423 CyCLes,




ENGINEERING DESIGN & ANALYSIS SERVICES

sv DBP

CHKD. BY - DATE

DATE ’3//4/78 sumect oIS STerage Vessel gerno & o 8
InLet End

7A-32
O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

prOJ. N0 TP /270

nufl')“k—‘ Life Nemaining on Inlet End .
o Driver Veoool Bgced “en P = 47 500 psi
T T T el Geatul T TiTC |
L remhn 1 hread No. | Remaining
Orrqinal 2 222 cycles
M:S-le:}/:lcx:.‘lfim\ 7 423 Cycles
o S Ooriginal
/\/1[ = 2_70(]_~o./77) = 22z Cycles Degi:‘)h )
/,

Ny = 44¢(1-0.002)=

4273 Cyc[es (/\‘ev.j Des:gn)

Rove o Ariravoreet3




ENGINEERING DESIGN & ANALYSIS SERVICES

CHKD. BY

DATE

Futigue

Orn)qu

Life

7A-33

- of  Driver
Ue:ﬁ/gn - P= 60000 PS/'

O'‘DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANJIA

sy DBP  oate /2//3/73 supsiect GO S .Eforq?e_ Vessel sueerno [ of /
_ Intet Ead

prOJ. N0 _J /270

Vecsel Inlet End

7T hread
No.

Threal Llogd
(ll."/ /Kd"l.qn )

STres:-:' anfje
(psi)

Fatigue De slgn‘
Life Ccycley)

73

d—

90, 925,

1

228,027,

Y
—

190 65 |

6 8O/ g 00,

| 232

842

8

243,857

210,24/

613

F_q‘f’igue Life

of DUriver
Rev. 2 Desiyn —

Vescel

ITnlet End

= éo/ coo pPSi

Thread
N o.

Thregd Load
(Lbs /Radian)

Stress Kange
(psi)

Fatique Dewign
Life (cYc,Les)

5

lo2,97].8

234 372,

o4

(?

327 547,

304,268,

263

8

326,077

322,430,

219

Fatique Life

R€Vl 3 DCSI‘jn

OF DF)VCI"

Vessel
= éo/ coo ,os‘i

Inlet End

Thread

No.

Threqd Leoad
(Lbks /Radan)

Stress Range
(Psi)

Fatique Design
f.‘fe? (Cyctesg

-

130,14

250,42/,

482

9

315,672,

293, /€.

296

3lo, 525

307,344

255
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ENGINEERING DESIGN & ANALYSIS SERVICES 77-34 O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYL VANIA

sv DBP  oate /2//3/78 sussecr Gas 57—0"‘*99 Vessel geerno. |

i ! f _ OF /
Inlet FEad prou. N0 JFP (270

CHKD. BY _ _ DATE
N’

Fatique Life of Driver Vesscl Inlet End
Origingl Desrgn — FP= 4—7/500 psi

[hread ) tress Range Fatigue Decign
I No, (psi) Life (cyctes)
2 30l 546. 270
9 | 5o, 736. /|, 228
8 [ 66, 44 1. l,099

Fatigue Life of Driver Vessel Inlet End

Rev, 2 De.s‘isi\ - P= 47 Eoo psi

Thread 577“655’ Ranae Faf‘/'gue Design
No. (psi) Life’ (cyctes)
~ /185,545 889
9 240,879 523
8 255 257 462

Fatique Life of Driver Vessel Inlef End

Rev. 3 Design —

F= 47 oo ps/

T hread Stress Range | Fqligque Design
No, (pSi) Life (cycLtes)
2 /98,250 . 779
| 9 232,050 5¢5
l 8 243 314 512




ENGINEERING DESIGN & ANALYSIS SERVICES 7A=35 O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

sy DBP , DATEIZ//3/73 sussect Gos 57‘°rq3e Vessel sugerno. ! o &
CHKD. BY . _ _ DATE ) L’\_,lief Ead  ppros NO ;7_"["[.2 7o

Current” Ucage Factor For Driver Vessel Inlet End
(Q) T/)reqc'/ No., & 2

K= 28%922 - { 3483 |

éo/ 000

UZ—‘: o.177 {From NSWC Corve)

() Thread No. 8

K= é’jo‘g‘i/ = 3, 5040

U; = 0,023 {From NSwC Curve)

Cycles MNemaining Fer kev., 2 Design

-
(J& = 0/77 + 8A8/R<’ <Sec,ohd T/')redd)
Ug = 0.033 + 462 {Elgh'ﬂu Threqd) i

By ./e'/‘fm? Uz and Ug Equgl 7o /.O//\/,Q
Fer ch/\ Thread s determined :

(@) For 2nd Thread

N = 8689(l-0.177) = 732 Cycles
(b) For _8Th Thread :
NR = 4—62(1 —0.033) = 447 cygLes

The Smallest Valve of Ng muslt be Used.

7“/\<;rcfurc/ The Cycles Remaining for the
— Kev, & besign 1o 447,

e It S — I R it < jJ




ENGINEERING DESIGN & ANALYSIS SERVICES 7A-36 O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANI(A

8Y DBP _ . DATE /2//3/7BSUBJECT G-q._sm Sfb’qae VCSSGL SHEETNO 2 oF &

_ DATE ,I"_Zef End  posno TPIR270

Cycles RNemaining  For RelW. 2 [icsiqn

U2 = 0./77 + 7/\,/;{9 <SeC0n(I Threqd)
N gy
Ug = 0.033 + _5_;?2__ {Elyh‘ﬁ\ T/’)redcl)

By SeH’inj Ua and Ug ECI«UQL To /.0/ Ne
For Each ~ Thread (s Defermined :

(a) For 2rd Thread :

Ng = 779(1-0.177) = ¢4/ cyctes
(b) For 8%h Thread :

Np = 512(l-0.023) = 495 cycles

The magllest Value of Ng must be uscd,

Therefere N,Q: 495 CyCLeS For The ReV. 3 Design.

J




ENGINEERING DESIGN & ANALYSIS SERVICES

TA-37

O'DONNELL & ASSOCIATES, !NC.

PITTSBURGH, PENNSYL VANIA

sv DBP DATEIE/?/7QSUBJECTGC¥5 57'0!"#7& vessel sueerno | of !
CHKD. BY _ DATE Inlet  FEnd pROJ. N0 J Fl270
Fiﬁl'yue Life of Driver Vessel Intet End
Criginal  Design — F= Go,0v0 ps;
qed Th d Lload Stress Runye Fatigue Dewign
7—hlr\lco.' (Lrbe;(/'Rac(/q:) (psi) Life (Cyclesﬁ
2 390 925 380 900, |22
8 2432 857. 2 /o, 24/ 672
1 228027 [ 90,C5¢. g4z
Fq'figue: Life cf Driver Yessel Iniﬁff Ehd
Rev. 4 Lesign — P= (0,000 ps/
ad hread Load Stress Range | Fatigue Decsign
Thﬁi. T(fbesq/chl/qn) (pP5i) Life (cycles)
2 152,181, 250,917. 480
8 212,092, 201,499 27/
9 313, 492. 286,564. /9
— iz T - CrEp——— e s i "'7‘”"*‘-*ﬂJ




I ENGINEERING DESIGN & ANALYSIS SERVICES 7A-38 O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA
sy DBP  opare 12/7/73 somecr Gas Storage Vessel gerno | o |
' o CHKD. BY DATE Intet End prROJ. N0 JFP/2T0

F:ﬂLif]uc, Life of Driver Vessel Inlelt End
Crriginal Design F = 47/5‘00 pSi

T hread | Stress Range Fatigue Design
N;, (Psi) J _Life (Cycles)
e 20l 546. 270
8 1¢6,44. /079
9 [ 5o 93¢. /[,328

Fatique Life of Driver Vessel [nletl End
Rev. 4 Design — P = 47 5oo psi

Thread Stress Range Farigue [Design
~ I\'/‘f,q (Psi) J L:f?(cfcles)t7
2 (98, ¢4 2. 776
8 238,687. 523
7 226,863, 592
’ 4
—




ENGINEERING DESIGN ‘& ANALYSIS SERVICES TA-39 O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

sv DBFP  oare /2/7/735usJECT Gas ',57L0"036 Vessel geerno [ or /
CHKD. BY . _ DATE Inlet End = erosno TP/270

Cycles Remaining For Rev. 4 Desrgn

— Ngr
), = o. _ . C O ac
Up = 077 4 —— (5econd Thread)
3 Ng ‘ A
U8 = 0,023 + 533 (E:g/\f/\ T hread)

by se#ma Us and Ug Equql te /_o/ Np
For Each Thread (s pDetermined *

(a) For 214 Thread -

Ne= 776 (1-0.177) = 629 cycles

(L) For &Th Thread :

Ng = 522(Ll-0.0323) = 5/5 cycles

I'he Smallest Vqlue of Ng Must be Used.
Therefore/ Ng = 515 Ccycles For tThe Kev. 4 Design,

it




ENGINEERING DESIGN & ANALYSIS SERVICES

7A-40

O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYL VANLA

sy DBP  opare /3//5/783ueJecr Driver Vessel seerno | or [
CHKD BY _ DATE Inlet Endl . PROJ. NO J PI2TO
Fatique Life of Driver Vessel Inlet End
(Jl‘i‘j inal [)(—35)/9" W/?"/\ Fr/cfton — F =(o,0u0 f’~9l.
Thread Threod [ogd Stress Runge qu’/?uc Dcs,:}_;y__1
N o, (Zé:://\’qclrlm) (Fsi) Life (CYCIE:,)
2 365 [16.9 423 060 106
240,225 2 237,325 4o
Fatique Life of Driver Vessel Inlet End
REv. 4 Decign with Friction - P=¢60,000 psy
Thicad Thread Load Stress flanye Fcn‘/guc Desiqn ]
No. (165 /Radan) (poi) Life (CJCICLi
2 [30,225.7¢ 256,546 457
8 308,442.9 335265 [ 95

- Lo P W AU RIS ALY -

T, B ke -

b
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ENGINEERING DESIGN & ANALYSIS SER VICES 7A-41 O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

sy DB P DATE /2//5/785umecr DRIVER VESSEL  sueerno [ of /
" CHKD. BY . _ . DATE ) .. INLET - END _ _ _ .. PROJNO TE/E. .79

R N e

F;ffauf; Life of Driver Vessel Inlet End

' original  Design with Friction —~P=47 500 psi
Thread Stress Rqgnge Futique Desiqn
/\rlo,Y (PSI) I L:’f&zj (CYCLef')a
2 354,922 /195
8 /87,890 867

~
Fatigue Life of Driver Vessel Inlet End
KEv. 4 Design with Friction — P=47 500 psi
Thread Stress Range Fafrque Design
th;.J (Psi) J Lqife (cycles)
y-2 203 0979 743
8 2¢5,418 414
~
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7A-42
ENGINEERING DESIGN & ANALYSIS SERVICES O'‘DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSYL VANIA
By DBF . DATE /2//.5'/78 sussect PRIVER VESSEL SHEET NO .2 _ of &
INLET END ... pros.no TJPIE70

CHKD. BY . DATE

Remaining For ReV. 4 Desiqgn - with Friction

Cycles
U;._: O.222 + 7/\::{3 (Seconc/ Thrqu)
Ug = 0.0¢ +—N—R— <E:‘3h7‘/\ Thredc/)
) 414
and Ug Eelua;[ 1o /.O/ Ngr

By Seffing U,
For Each “Thread

(a) Fer 27d Thread
Ng = 743(1~oc.222) = 578 cycles

is Determined :

(b) For 8Th Thread

s
NR = 4—/4(1*0.06) = 389 Cycles

The Smellest Vaolue of NR must be Used
There fore/ NR = 389 CycLe.s Fer
bused on P'= 47 500 psi.

the Kev. 4 Desiyn

S e e e Tt SR 55
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ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

sy DBP _ oate /2/,5/785UBJECT G"’!?;Sfomge VesselL

PITTSBURGH, PENNSYLVANIA

SHEETNO‘IV OF__/

CHKD. BY . _ _ DATE _Inlef Ead . erosno TP/ 70
SUMMARY of
Fatique Life Remaining on Driver Vessel
Intet End Bascd on F= 47 Yoo psi
o Critical Ng, Usefol Life ¥ Ng with
D€~H9h Thread No, K Remaining Friction
Oriqingl 2 222 Cycles [52 Cycles
Rev. 1 7 423 Cycles
%‘ Rev. 2 8 447 Cycles
Rev. 3 8 495 Cycles
Rev. 4 8 515 cycles 289 Cretes
* No Friction

Ng = 270 (1-0.177) = 222 cycles {Oriamal De:f'gn)

Ny = 446 (] -o.052) = 423 cyctes {Rev. ] Design)

NR2= 402(1 —0.033) = 447 Cycles {Rev. 2 Design)
NG = 512(L-0.033)= 495 cycles { Rev. 3 Design)

Nt =533(1-0.033) = 5/57cycles {Rev. 4 Design)




TA-44 ,
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSYLVANIA

sy DBP __oare /3//3/783umec7_ DRIVER VESSEL  sugerno | or |
CHKD. BY . _ DATE INLET ENO  _ rowno JPl270

F&?‘?gue Life of Driver Vessel Inlet EFnd Vs, P
~ 6 Thread —Rev. 4 — W.th Friction

I fq ‘f,‘guc Lifc F-q‘fifa ve Life .
(pr=d) (cyctes) kemqu\[njv(cycle-‘a)
7, Boo 414 389
b oo 478 449
4o, 000 611 574
3¢ 000 [, o84 olq
e B
20 0060 5 376 b o
/500 24171 22,721
lo,000 278066 2¢|, 382
;‘(.I(J{)(\ (/43(} Il?,4.4
8,4/,000 // éé? //5-69
22000 2646 2,487

Ng = Fq?‘;k)ue Life Remaining

1
NR = 0.94—(51','906 Lite)
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ENGINEERING DESIGN & ANALYSIS SERVICES TA-46 O'DONNELL & ASSOCIATES, INC. !

PITTSBURGH, PENNSYLVANIA d
BY DBP ~ _ DATE /a//9/733umecr Dr‘l rer Ve Ssel. ~ SHEET NO __’A _ OF 2 '
CHKD. BY . _ DATE , Inlef Ehc/ . ____ erouNo JPRETO

Intet End - Rev, 4 Decsignh —with Frictian = P2 45c00 psy

If T=Ar=25447 psi and kf_c.= /00 Ksi\in

l. Kie= /oo Ksiin

2. Critical Crgck Depth

/00,000

Aer = /aJ ™ <25/ 7479

= o.040275"

Cycles to Failure
= J.]726¢ X 1077 For AK in poi Vi
Q\*-E) =0.29 M= (1arm)" 5= 4, (59204564
= (25"//44‘7)2'25—-7 [.4/582289] x/0'¢

/ |
u(crh—“% B (0.040275 .25

L)

= [.49406t623

N= |©033.28022¢ [——01—,5—5-— - /.4 ‘7406]

a ,"

L4

_ [,033.28022¢6 ¢
N +

| 542. 7894549




7A-47
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA
ey DBP  oate /2//?/78 sussect_ Driver Vessel sHeeT N0 2 oF 2

CHKD. BY _ _ DATE . _Intet End paos. No T PI1270
o

Intet End- 8™ Thread -Rev. 4 LDesign-with Friction
For FP= 45;000 P5I

a,; Versvs N For Threads
cn Inlet EFnd Closvure .
T=A0=25/,449 psi, K = /00 Ksillin
/\/’cu.‘ l'f[ed AISI 4340 quemql

a; N

inches Cycles
0.0282479 lo
0.032632245 A0
0.03/2] 02 ' 5o
0.02824¢8 70
0.02427(,7 Joo
o.0/5]982 200
0.00972869 200
0.004637¢04 40 0
0.004268208 Soo
0.00 2022498 700
0.00074 /|22 1 /ooo
0,0000522 298 2000
0.0000071515 3000

N /,033,280226 8
% TN+ 1,543. 7894 5¢

IR Do TSR+ AT CRBURDDMG 5o gt ORI
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APPENDIX 8A

; PERIODIC INSPECTION
; OF CRITICAL AREAS
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PERIODIC INSPECTION OF CRITICAL AREAS

This Appendix contains a discussion of our recommenda-

tions for periodic inspection of the subject components.

Periodic inspection of critical areas of the driver
and heater vessels will increase confidence that no flaws near

critical size are present.

Analysis of critical areas on each vessel has shown
‘the number of cycles to failure starting from a given flaw size.
This size is the depth of a full circular crack around the ves-
sel, and the number of cycles to failure is obviously a conserv-

ative, limiting value.

Discussions were held with C. Hellier and M. Bath of
Nondestructive Test Engineering Division of Hartford Steam
Boiler Inspection and .Insurance Company. The discussions
revealed the following sensitivities of liquid penetrant inspec-

tion techniques.

Sensitivity*

Type Width Depth
Zyglo ZL,-15 high sensitivity 1-2 microns | 20 microns
water-washable liquid penetrant
or other Group 1 or Group 6
penetrant per NAVASHIPS 250-1500
Magnetic Particle with AC 1-2 microns 10 microns
device or DC Parker-Probe

*]1 micron = 0.0004 inch v

Thus even a water-washable penetrant can reveal an 8
mil deep crack. For conservatism, it is reasonable to claim a

sensitivity of 15 mils.

The recommended inspection frequency is based upon the
philosophy of assuming the presence of an initial flaw depth of




8A~-2

15 mils. The possibility is accepted that a defect reaches the
15 mil limit of sensitivity immediately following an inspection.
For added conservatism it is assumed that this defect is not

found during the following inspection.

Since the units experience a variety of magnitudes of
pressure cycles, it is desirable to account for the difference
in crack propagation rates. To accomplish this it must be
assumed that starting from any given point in time all future
pressure cycles will be over the maximum pressure range. How-
ever, up to that point in time the affect of lesser magnitudes

of pressure cycles can be considered.

To account for the possibility of not discovering an
existing defect and to provide for sufficient remaining cycles
once the defect is discovered on a subsequent inspection, a
defect size, a,. between the initial size of 15 mils (ai) and

the critical size (acr) is defined by the following*:

1 _ 1
n-2 n-2 1= -2
2 2 2 2
a. a a a
i cr * cr

1
n (1)

[N

Starting from this defect size, i.e., a ., two-thirds
of the cycles required to generate the critical crack size from

15 mils with full range preSsure cycling remains.

To reach the defect size a,, the actual magnitudes of
pressure cycling is considered. The crack dgrowth rate is given
by

v

da’ _ n _ .,0.5
5 = Cg 8K /(1L - R (2)

*See Appendix 5C for the basic equations and assumptions
for crack propagation analysis.

tThis form of the predicted crack growth takes into account
the effect of mean stress. Reference "Fracture and Fatigue
Control in Structures", Rolfe, S.T., and Barsom, J.M.,
Prentice-Hall, Inc., 1977, p. 248.




da L kN 0.5
N = co[Aoa’ M*]/[1 - R] (3)
where R 1is the ratio of pmin/Pmax and (1 - R) equals AP/Pmax.

For numerical integrations let

a =a_on R.H.S. of equation (R.H.S. = Right Hand Side)
and
_ AP
Ao = ref (P )
ref
Therefore
5 0 AP 0.5
ha = a - a, =Zc a N2 /2 [ xef)o o0 f 1 (4)
* 1 . o % P 1 P .
i ref max,i

The crack size a, will be reached and inspection is required

when
lP.n—O'SP .0'5 a - a, n
2: i max,i _ * i ( 1 ) (5)
n n/2 ,.n/2 o
Pref Coa* M ref

Table 1 indicates the values used in the above equa-
tions. Also shown are the number of full pressure cycles re- f
quired to extend a 15 mil defect to the critical size. The
period between inspection might be extended slightly if in
Equation (3), the average of a; and a, is used on the R.H.S,

This results in about a 20% to 30% increase in ZAP?. ‘




s D " ™ v " > Y " "

‘y3dep MeT3 TBTITUT TTW ST UO poswg,

et =
26271 =
t
(¢{-0T)LEZT T
:m.ﬂh .,, ' )
i 9-0t°d 000‘zT
o4 xTpuaddy 9% 9 PoT 8¥20-°0 ¥SL0°0 99.'¢€8T
| 855 *d 000‘z2 |
| Y9 xTpuaddy LEET LTE 2820°0 v8TT"0 099°9%1 S
w 9v-vL -d : o
;YL X Tpuaddy Zce L8 T¢c0°0 01s0°0 000°0%
_ N 0T1S‘€ze
| jox
i oousisiey sinyTed :umum ‘utt e cut’ e uwum
“ ompuSmmmmeoummo = MZN 294
« 110d S0 m.mo..c

T °19®lL




APPENDIX 9
THERMAL CONSIDERATIONS




L LY =

Iﬁermal Considcerations

During operation, the working gas temperature varies
which in turn produces thermal stresses within the steel com-
ponents. Lacking specificd gas temperature transients the
cffect of thermal transients can be given only speculative

attention.

In general, the transient thermal effects are judged
to be insignificant in affecting the predicted cyclic life of
the components. “The reasoning is that the gas flow period 1s
very short (on the order of 1 or 2 seconds) relative to the
diffusivity and thickness parameters of the involved components.
In addition, the relatively small thermal capacitance of the
gas results in a rapid attainment of thermal equilibrium follow-
ing the flow period such that little change occurs in the com-
ponent average temperatures. The thermal stress responses are

most probably "skin" type stresses at the gas boundaries.

The most limiting locations are generally at the threads
of the various threaded closures which are in themselves not
gas boundaries. These locations see insignificant if any,
thermal stresses and, therefore, the temperature transients

probably have little affect on cyclic life.

For other locations of the components, thermal stresses
may be more dominant than the primary pressure stresses. In
the MACH 10 heater, prior to flow initiation, steady state
thermal gradients may produce significant stresses if the
vessel is redundantly supported. If the heater is not redun-
dantly supported bowing will occur and the thermal stresses

are probably insignificant but reactions may then cause signi-

ficant stresses in the connecting hardware.




ey

The complexities of the system and the thermodynamics
of the operations preclude a purely analytical approach to

determine the gas temperatures required to evaluate metal

temperatures. A more definitive evaluation of thermal effects
would require a combination of extensive temperature measure-

ments and analysis.
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